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ABSTRACT 


e  ehsmistry  of  boron  and  the  metallurgy  of  boron  in  iron  end  stool 
ero  thoroughly  reviewed  •  On  tho  basis  of  eritieal  evaluation  of  the  exist¬ 
ing  information,  a  working  hypothesis  for  the  noohenisa  of  the  boron  har- 
donability  offoot  is  presented.  The  prinoipal  effeot  of  boron  is  to  retard 
the  formation  of  pro-euteetold  ferrite  which  forms  from  austenite  by  e 
shear  suehaaisn.  This  retardation  oeeurs  because  of  the  exoessivwly  high 
strain  energy  peaks  associated  with  boron  atoms  dissolved  in  austenite, 
luoleatien  and  growth  processes  are  expected  only  when  the  system  passes 
from  a  disordered  state  to  a  more  highly  ordered  state. 
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X.  8.8V I IW  07  THE  K1TA.LLUHHY  AND  CHBLIISTHY  07  BORQH 


A.  INTRODUCTION 


1.  The  Role  of  Boron  In  Hsat  Treatable  Steels.  A  critical  shortage 
of  alloying  elements  such  as  nickel,  chromium,  molybdenum,  and  manganese  has 
resulted  from  the  increased  production  of  high- temperature  alloys  and  alloy 
steels.  Boron  as  am  alloying  element  in  heat  treatable  steels  can  substitute 
for  the  hardenabillty  effects  of  the  above  named  alloys.  It  has  been  estab¬ 
lished  that  as  little  as  0.0005$  boron  significantly  enhances  the  hardenabllity. 

Numerous  investigations  havs  contributed  to  the  knowledge  and  "art"  of 
producing  and  treating  boron  steels.  However,  there  are  many  problems  to  be 
solved  such  as  effect  of  steel  composition,  heat  treating  variables,  mechanism 
of  boron  effect,  and  moaning  of  effective  and  ineffective  boron.  Solution 
of  these  problems  will  lead  to  a  more  intelligent  use  and  better  control  of 
boron  as  an  alloying  element. 

2.  Brief  Historical  Review.  The  first  systematic  study  of  boron 
additions  to  steel  was  conducted  by  Guillst*  in  1907.  Boron  additions  of  0.1$ 
to  approximately  1.5$  were  added  to  steels  containing  from  0.2$  to  0.5$  carbon. 
Quillet  concluded  that  boron  steels  might  prove  commercially  feasible  if  used 
in  the  quenched  state. 

Some  further  Investigations  were  conducted  using  boron  in  amounts 
greater  than  0.1$  but  the  resulting  product  was  usually  brittle  and  could  not 
be  worked^.  Walters  was  evidently  the  first  person  to  recognize  the  effects 
of  small  additions  of  boron.  He  obtained  Qerman  patent  rights  in  1921  and 
United  States  patents3  in  1924  to  cover  the  addition  of  boron  ranging  from 
0.001$  to  about  0.1$. 

The  first  use  of  boron  steels  in  the  United  States  is  rather  vague. 

It  appears  that  International  Harvester  found  a  remarkable  increase  in 
hardennbility  which  could  not  be  attributed  to  the  components  reported^. 

This  effect  was  traced  to  the  presence  of  boron  in  the  Qralnal  addition  which 
renewed  the  interest  in  boron  steels. 

During  the  Second  World  War  and  the  accompanying  shortage  of  alloying 
elements,  the  interest  in  boron  steels  was  stimulated.  By  the  end  of  the  war 
some  standard  boron  steelB  were  developed  which  a  few  companies  continued  to 
produce  although  the  majority  of  the  industry  reverted  to  standard  alloying 
elements.  The  present  emergency  has  again  intensified  the  Interest  in  boron 
steelB.  Turthermore,  it  has  resulted  in  a  trend  to  produce  a  material  for  a 
certain  specification  rather  than  using  a  material  which  is  over  alloyed. 


B.  7UKDAXSNTAL  ASPECTS  07  BORON  AND  BORON  STEELS 

1.  Structure  and  Properties  of  Boron.  In  order  to  evaluate  the  effect 
of  boron  as  an  alloying  element,  some  fundamental  information  in  regards  to  its 
structure  and  properties  should  be  considered.  Unfortunately,  although  boron  is 
relatively  abundant,  very  little  is  known  about  this  element.  However,  some 
studies  are  being  conducted  in  regards  to  the  crystal  structure  and  these  results 
will  be  considered  fir Ft. 
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Th*  k  iln  problem  encountered  in  the  study  of  the  properties  and 
cryetal  structure  of  boron  was  the  preparation  of  the  pure  material. 
Laubengayer,  at  ap,  review  the  methods  uaed  in  preparing  pure  boron  and 
state  that  the  thermal  decomposition  of  boron  tribromide  was  the  most  satis¬ 
factory  process.  Laubengayer ,  et  al  ,  discussed  the  investigation  of  pura 
boron  produced  in  this  manner. 

Boron  resulting  from  hydrogen  reduction  of  boron  tribromide  (BBr3) 
was  condensed  on  a  hot  filament  of  tungsten  or  tantalum.  The  crystalline 
nature  of  the  condensed  boron  was  dependent  on  the  concentration  of  BBr^  and 
particularly  on  the  filament  temperature.  Deposits  ranged  from  amorphous,  to 
vitreous,  to  crystalline  with  increasing  filament  temperature  and  decreasing 
BBr^  concentration.  Two  types  of  crystals  are  observed,  (l)  "needle-like* 
and  (2)  "plate-like"  crystals.  The  x-ray  patterns  of  these  two  crystals  are 
different.  Preliminary  work  indicated  the  latter  to  be  orthogonal  and  the 
needle- like  crystals  as  tetragonal.  The  smallest  call  based  on  orthogonal 
axes  for  the  plate  crystals  has  a  ■  17.661;  b  ■  8. 93a;  c  ■  10.13a,  Deter¬ 
mination  of  the  density  of  the  needle  crystals  yielded  2.3IO  gm/cc  which 
agrees  closely  with  previous  determinations. 

Complete  (CuZc* )  Weisteribmifc  photographic  x-ray  data  of  the  needle 
crystals  has  been  recently  reported?.  These  data  establish  a  tetragonal 
unit  cell  with  a  *  8.73  ±  0.021,  and  c  *  5.03  ±  O.02I  containing  50  atoms. 

These  authors  state  that  further  study  is  being  conducted  to  determine  the 
space  group  and  that  investigation  of  the  plate  crystals  is  being  continued, 

Johnston,  Hersh,  and  lerr*0  prepared  amorphous  boron  by  the  thermal 
decomposition  of  diborane  (B2H6) .  This  high  purity  amorphous  boron  was  com¬ 
pacted  and  recrystallised.  The  "d"  values  obtained  from  x-ray  data  agreed 
well  with  those  reported  above. 

A  few  of  the  physical  properties  of  boron  reported  by  Laubengayer? 
are  given  below: 

Chemical  -  Boron  is  extremely  inert,  it  was  unaffected  by  boiling 
hydrochloric  acid  or  by  hydrofluoric  acid.  It  is  not  easily  oxidized  in  the 
crystalline  state.  The  hardness  of  boron  approaches  that  of  boron  carbide 
which  is  the  second  hardest  material  in  the  crystalline  state. 

llectrical  -  Boron  exhibits  a  mlcrophonlc  effect  similar  to  carbon. 
Experiments  indicate  that  it  Is  a  poor  electrical  conductor. 

Optical  -  Boron  is  opaque  with  a  black,  metallic  sheen.  It  is  slightly 
transparent  to  a  strong  arc  with  a  condensing  lens, 

Godfrey  and  Warren1*-  determined  the  coordination  scheme  of  boron  by  a 
Fourier  integral  analysis  of  the  powder  nattern  and  estimated  six  nearest 
neighbors  at  an  average  distance  of  1.89*. 

Wells  -  states  that  boron  has  little  in  common  with  the  other  elements 
in  Group  III  (B,  Al,  Sc,  I,  La,  Tl,  Ac).  It  is  the  most  electronegative  ele¬ 
ment  of  the  group  and  in  general  resembles  the  non-metals,  particularly  silicon. 
Boron  forms  either  three  coplanar  bonds  with  interbond  angles  of  120*  or  four 
tetrahedral  bonds.  The  three  bonds  utilize  one  Z§  and  two  2p  orbitals  which 
presumably  is  some  kind  of  hybrid  orbital*. 
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S«its^3  lists  boron  as  ths  second  highest  electropositive  element  of 
the  non-metallic  elements  with  hydrogen  being  first. 

2.  Structure  and  Properties  of  Borides.  In  order  to  better  understand 
the  behavior  of  boron  it  is  of  interest  to  consider  the  various  borides. 

Kiessling^*  summarises  the  crystal  structure  of  the  borides  of  the 
transition  elements.  It  is  shown  that  the  borides  may  be  classified  according 
to  tho  arrangement  of  boron  atoms.  The  phases  are  regarded  as  metal  lattices 
with  boron  in  the  interstices.  As  the  boron  content  increases,  the  number  of 
boron-boron  bonds  Increase,  ranging  from  isolated  atoms  to  three  dimensional 
boron  networks.  The  compounds  (1)  ^  (Me2?)  are  typical  of  isolated  boron  atoms; 
(2)  S  (HeB)  are  typical  of  zig-zag  chain  networks,  and  (3)  (Me^)  or  (M«B2)  are 
t  typical  of  hexagonal  network  and  sheets. 

Hagg1^  discusses  the  regularity  of  crystal  structures  in  hydrides, 
borideB  and  carbides  of  transition  elements.  He  states  that  if  the  ratio  of 
Txf  rm  is  equal  to  or  less  then  0.59*  the  structure  iu  simple.  This  rule 
is  apparently  valid  for  the  borides  of  the  type  (isolated  boron  atoms)  but 
is  of  less  importance  for  the  borides  which  have  boron-boron  bonds^*^®. 

Horton,  et  al^°  state  that  the  borides  have  well  developed  metallic  properties. 
Hannesen1-?  reports  that  iron-boron  alloys  ranging  from  0  -  8.55b  boron  behaved 
ferromagnetically .  He  concludes  that  the  boride  F«2B  is  magnetic. 

3*  Iron-Boron  Equilibrium  Diagram.  In  order  to  gain  an  understanding 
of  the  behavior  of  boron  in  steels,  it  is  obvious  that  the  study  of  the  iron- 
boron  system  is  indispensable.  In  addition  to  yielding  information  in  regards 
to  degree  of  solid  solubility,  type  of  eolutions  (substitutional  or  interstitial) 
i  effect  of  boron  on  the  transformation  points  and  etc.,  this  binary  diagram  is  a 

prerequisite  for  a  Fe-B-C  ternary  study. 

Unfortunately,  as  will  be  seen  below,  only  the  region  above  lje  boron 
appears  to  be  in  common  agreement.  Thus,  that  part  of  the  diagram  which  is  of 
the  most  interest  in  boron  steels  (less  than  0.00?)b  bj  weight)  has  not  been 
accurately  determined.  However,  existing  date  are  of  interest  and  do  yield 
some  valuable  information. 

Hannesen1?  determined  the  Fe-B  diagram  up  to  approximately  8.5£  boron 
»  while  Tschlscheweki  and  Hetdt1^  developed  it  up  to  11.55b  boron.  Thes<=  investi¬ 

gations  were  conducted  by  thermal  analysis  and  microscopic  investigations  and 
the  systems  are  reviewed  by  Hansen1?, 

i 

The  resultB  of  these  studies  agree  in  essentials  but  differ  appreciably 
in  degree  of  solid  solubility.  (See  Figures  1  and  2).  In  addition,  Hannesen 
found  a  stable  boride  melting  at  1350°C  which  he  designated  as  Fe5B2  (7.195*  B) 
whereas  Tscheschewski-Hetdt  found  this  boride  to  correspond  to  the  formula 
Ie2®  (8.835b  B)  with  a  melting  point  of  1325#C, 

In  regards  to  equilibrium  in  the  solid  state  both  works  agree  in  the 
following  points:  (l)  the  solubility  of  boron  In  gamma  iron  increases  with 
decreasing  temperature;  (2)  the  temperature  of  the  gamma  to  alpha  transforma¬ 
tion  is  lowered  by  boron;  (3)  the  eutectoid  with  respect  to  boron  saturated 
gamma  phase  decomposes  into  boride  and  alpha  iron.  The  solubility  of  boron 
in  gamma  iron  Is  approximately  0.85b  boron  at  713*C  according  to  Hannesen  while 
Tscheechewski-HelTdt  found  it  to  be  3.65b  boron  at  760®C.  The  latter  Investi¬ 
gators  determined  the  solubility  of  boron  in  alpha  iron  at  the  eutectoid 
temperature  as  0.085b. 
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The  Fe-B  equilibrium  diagrams  determined  by  the  above  studies  are 
similar  to  th*-  Fe-C  diagram.  Thus,  one  could  oosclude  that  the  effect  of 
boron  on  harrienability  ie  a  result  of  the  large  difference  in  solubility 
between  geama  and  alpha  iron,  similar  to  the  effect  of  carbon. 

However,  Wever  and  Mueller^  pointed  out  that  the  results  of  the  two 
above  investigations  were  in  error  due  to  appreciable  contamination  of  carbon, 
aluminum,  and  silicon,  Carbcn  was  obtained  from  the  carbon-arc  furnace  and 
some  silicon  pick-up  resulted  from  the  crucibles  used,  furthermore,  the  fsrro- 
boron  alloy  used  contained  appreciable  aluminum  and  silicon.  These  authors 
state  that  the  effects  of  boron  on  th«  transformations  are  negligible  compared 
to  the  effects  of  these  impurities. 

20 

Wever  and  Mueller  redetermined  the  Fe-B  diagram  with  the  aid  of 
thermal,  microscopic  and  x-ray  studies.  These  authors  prepared  their  melts 
in  magnesia  crucibles  using  electrolytic  iron  end  the  purest  ferroboron 
obtainable  at  that  time.  The  major  impurities  in  the  ferroboron  were  O.Q(#> 

C ,  0.89£>  Si,  0,62>  Mn  and  4.3*>  Al,  They  managed  to  keep  the  resultant 
alloys  relatively  low  in  carbon  but  still  obtained  some  silicon  contamination 
and  approximately  l.Oj#  of  aluminum.  In  order  to  correct  for  the  effects  of 
these  impurities,  brief  studies  were  made  to  determine  the  effects  of  silicon 
and  aluminum  on  the  transformation  points.  They  concluded  that  the  effects 
of  aluminum  and  silicon  were  similar  in  that  these  elements  restrict  the 
gamma  field  by  lowering  A4  and  raising  the  A3  transformations.  As  a  result 
of  these  studies  these  authors  attempted  to  correct  for  the  effects  of  silicon 
and  aluminum  and  extrapolated  to  what  they  term  an  "idealistic"  diagram  which 
is  shown  in  Figure  3. 

The  solubility  of  boron,  as  reported,  is  very  limited  and  is  as  follows: 
(1)  at  1381®C  in  delta  iron,  O.l^fe  B;  (2)  at  1381®C  in  gamma  iron,  0.10$»  B; 

(3)  at  1174°C  in  gamma  iron,  less  than  0.15^  B;  (4)  at  915#C  in  gamma  iron, 

0.10#  B;  (5)  based  on  x-ray  results  M ie  solubility  of  boron  in  alpha  iron  is 
less  than  0.15?j  at  9I5 °C ;  (6)  at  880"C,  O.lO1^  B.  The  A3  temperature  is  raised 
by  0 . 15#  boron  to  915°C  and  the  peritectic  temperature  decreases  with  increasing 
boron. 


20 

Wever  and  Mueller  investigated  the  x-ray  powder  patterns  of  iron- 
boron  alloys  containing  0.06^  and  0.2Q^>  boron.  Specimens  of  these  alloys 
were  both  slowly  cooled  and  quenched  from  Just  below  the  A3  transformation 
(880°C).  The  slowly  cooled  specimens  produced  parameter  values  which,  within 
the  limits  of  accuracy,  could  be  considered  constant.  Parameter  values 
derived  from  the  quenched  alloys  show  a  contraction  of  the  lattice  of  alpha 
iron  with  increasing  boron.  Thus,  it  was  concluded  that  boron  forms  a 
substitutional  solid  solution  with  alpha  iron.  To  further  supplement  these 
findings  they  studied  the  patterns  of  two  hypoeutectic  alloys  with  0,20  and 
3.5>  boron  as  well  as  two  hypereutectic  alloys  with  6.0>j  and  9.02^  boron. 

A  com} lete  structural  analysis  of  FegB  conducted  by  Wever  and  Mueller^ 
showed  that  it  possesses  a  body  centered  tetragonal  lattice  with  four  groups 
of  Fe2®  per  unit  cell.  They  also  determined  that  FeB  exists. 

2 1 

Bjurstrom  and  Arnfelt^  confirmed  the  crystal  structure  of  FegB  as  well 
as  the  composition  of  FeB  (16.23^  B).  The  latter  boride  has  an  orthorhombic 
structure  with  four  groups  of  FeB  in  the  unit  cell.  The  constancy  of  the 
parameters  of  th^se  borides  indicate  negligible  solubility.  The  parameters 
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rj*  a  a  follows: 


f«2® 

Space  centered 

tetragonal 

Space  Croup 

a  *  4.240 
c  *  5 . 054 

Vi 

feB 

Orthorhombic 

a  -=  2,94o 
b  *  4.05 
c  *  5.493 

The  computed  radius  of  the  boron  atom  ranges  from  0.89  to  0„9?i  de¬ 
pending  upon  the^crystal  structure  selected.  This  yields  an  average  atomic 
diameter  of  1.  1. 

22 

Wasmuht  aged  five  alloys  containing  from  0.06$fe  to  2.5/t  boron  at 
several  different  temperatures  after  quenching  from  75 0®C.  No  precipitation 
was  observed  which  led  to  the  cunclutuaci  that  the  solubility  ci  torox.  in  alpha 
Iron  did  not  decrease  below  750®C. 

fiecent  studies  on  the  solid  solubility  of  boron  in  iron  have  been  con¬ 
ducted  by  Nicholson**  .  Boron  was  Introduced  Into  high  purity  iron  wire  by 
the  thermal  decomposition  of  diborane  (B2H6).  This  resulted  in  a  layer  of 
fejjB  and  a  core  of  unsaturated  iron.  These  specimens  were  then  annealed  for 
approximately  150  hours  and  the  boron  in  the  core  was  determined  by  chemical 
and  spectrographio  analyses.  These  results  indicate  a  peritectold  reaction 
as  shown  in  figure  4. 

Summarizing  the  above,  the  solubility  data  obtained  by  Nicholson  are 
without  doubt  the  most  valid  since  the  Impurities  which  influenced  the  results 
of  the  previous  Investigations  were  minimized. 

The  data  reported  by  Wever  and  Mueller  in  regards  to  the  substitutional 
solid  solution  of  boron  in  alpha  iron  is  of  doubtful  value  because  of  the  ef¬ 
fect  a  of  aluminum  and  silicon  in  euch  a  study,  further  studies  of  this  type 
both  in  alpha  and  gamma  iron  are  desirable.  Particularly,  since  diffusion 
data,  to  be  reported  below,  indicates  that  boron  forms  an  interstitual  solid 
solution  in  gamma  iron.  However,  since  the  data  of  Nicholson  show  a  greater 
solubility  of  boron  in  alpha  iron,  one  is  forced  to  conclude  that  boron  does 
in  fact  form  a  substitutional  solid  solution  in  alpha  iron,  since  the  inter¬ 
stitial  holes  in  alpha  are  much  smaller  than  those  in  the  gamma  phase. 

4.  Iron-Boron-Carbon  Syetta.  Although  the  iron  apex  of  the  Fe-C-B 
ternary  equilibrium  diagram  is  of  extreme  interest  only  two  investigations 
have  been  reported  in  literature.  In  1922  subsequent  to  the  works  of  Walters 
pertaining  to  the  effect  of  small  amounts  of  boron  in  steels,  Vogel  and 
Tammann^  studied  the  fe-fe^C-feZB  system. 

These  authors  reviewed  the  previous  fe-B  binary6  determined  by  Hanneeen 
and  by  Techlschewski  and  Heftdt  and  concluded  that  the  latter's  work  was  the 
best.  Thus,  with  some  modifications  resulting  from  theoretical  considerations , 
they  assumed  the  fe-B  system  as  determined  from  Techlschewski  and  Heidt's  data. 
The  pseudo-binary  diagram  of  Fe2B  and  fe^C  resulting  from  this  study  is  shown 
in  figure  5. 

The  development  of  this  ternary  was  accomplished  by  thermal  analysis 
and  microscopic  studies.  However,  these  authors  did  not  record  the  amounts 
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of  impurities  auoh  as  aluminum  and  silioon  whioh  Waver  and  Mueller  ls+er 
showed  to  axart  a  major  influanoa  on  the  transformations.  Vogel  and  Tajmaann 
state  that  tha  Fe-B-C  alloys  were  extremely  sluggish  in  approaohing  equili¬ 
brium  whioh  easts  further  doubt  as  to  the  validity  of  their  work.  However, 
Figures  6  and  7  show  the  solid  state  fields  as  determined  by  these  authors. 

D.  S.  Clark  21;  conducted  a  metallographio  study  of  the  Fe-Fe^C-Fe^ 
system  and  substantiated  ;he  liquid-solid  transformations  as  proposed  by 
Vogel  and  Tamsiann.  Clark  states  that  tha  transformations  in  the  solid  stata 
were  in  agreement  with  Vogel  and  Tasmiann's  except  in  tha  region  containing 
lass  than  one  paroant  boron.  The  solubility  of  FegB  in  alpha  iron  was  less 
than  previously  reported  unless  the  alloy  oontalned  silioon  oontants  greater 
than  one  percent.  The  ternary  diagram  showing  the  ternary  euteotio  (R')  is 
shown  in  Figure  8.  The  melting  point  of  R'  is  1100*C.  In  addition,  the 
boundary  of  the  surfaces  of  limiting  solubility  of  boron  and  oarbon  in  gamma 
iron  whioh  teminate  in  V'  along  the  dotted  lines  to  the  level  of  the  ternary 
euteotio  is  shown. 

The  alloys  used  in  this  investigation  contained  boron  oontants  above 
0.2%  and  oarbon  eontents  of  0.2  to  3.%%.  Thus,  the  region  of  the  greatest 
interest  in  regards  to  boron  steels  was  not  aeourately  determined  and  the 
effeot  of  boron  on  the  aoempanying  transformations  is  probably  in  error. 

The  above  ternary  studies  are  of  little  value  in  regards  to  the  study 
of  boron  steels.  Thus,  an  investigation  of  the  region  at  the  iron  a,  ex  io 
desirable. 


5.  Diffusion  Data.  There  have  been  no  quantitative  data  reported  in 
literature  on  the  diffusion  of  boron  in  iron  although  seme  estimates  have  been 

made. 


Digges,  Irish  and  Carwile  ^5  observed  a  loss  of  boron  in  the  de- 
oarburised  tones  of  oommeroial  steels  and  state  that  the  rate  of  diffusion  of 
boron  was  apparently  of  the  same  order  of  magnitude  as  that  of  oarbon.  In 
specimens  with  0.1 %  oarbon  the  diffusion  of  boron  was  equal  to  or  greater 
than  the  diffusion  of  oarbon.  These  authors  oaleulated  the  rate  of  diffusion 
of  boron  from  the  droarburised  eone  at  a  temperature  of  1038°C  as  D  •  2.0 
x  10“'  om^/seo.  They  further  state  that  this  indioates  that  boron  is  in 
the  interstitual  positions  of  gamma  iron.  Wells,  et  al2?,  recalculated  the 
diffusion  ooeffioient  from  the  above  deoarburized  speoiaen  as  1.3  x  10*7 
om^/seo. 

Campbell  and  ftty  studied  the  ease  hardening  effects  of  boron  and 
nitrogen  on  a  low  oarbon  steel  ( 0.12 %  C)  and  eonoluded  that  boron  penetrates 
the  steel  in  muoh  the  same  manner  as  does  oarbon  under  similar  conditions. 

These  authors  observed  that  nitrogen  is  much  more  readily  absorbed  by  a  boron 
steel  than  by  a  oarbon  steel,  whioh  they  attribute  to  the  formation  of  a  stable 
borio  nitride.  The  value  for  the  diffusion  ooeffioient  of  boron  in  iron  was 
oaloulated  by  Wells,  et  al  ^7  from  the  works  of  Campbell  and  iby  and  was  found 
to  be  3  z  10"7  en^/seo.  at  900°C» 
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Ka««29  report*  that  the  diffusion  of  boron  in  iron  increases  abruptly 
at  the  A3  point  and  the  rate  of  diffusion  follows  the  normal  effect  of 
increasing  with  increasing  temperature. 

Cornelius  and  Bollenrath30  studied  the  migration  of  boron  in  steel  oon- 
taining  carbon  contents  from  0.05  to  0.20JC.  The  steel  was  packed  in  ferro- 
boron  and  the  diffusion  anneal  was  conducted  in  a  vaouum  at  1100°C.  The 
specimens  were  deoarburized  and  quantitative  data  could  not  be  obtained. 

However,  these  authors  state  that  carbon  has  a  detrimental  effeot  on  the  dif- 
fusion  of  boron  and  that  boron  has  a  high  diffusion  rate  ir.  iron  and  in  steel. 

Wells,  Batz  and  hehl31  did  not  obtain  conclusive  evidence  but  state 
that  boron  apparently  lowers  the  diffusion  eoeffioient  of  earbon  at  1125°C. 

It  should  be  restated  that  the  above  values  rsported  for  the  diffusion 
coefficients  of  boron  and  the  effeot  of  boron  on  the  diffusion  of  oarbon  are 
only  qualitative  data.  Interpretation  of  deoarburized  specimens  ie  diffieult 
and  the  interface  resulting  from  paoklng  ferroboron  around  steel  would  be  very 
poor.  Furthermore,  since  the  studies  were  conducted  on  oommeroial  steels,  the 
effects  of  other  elements  on  the  diffusion  of  oarbon  and  boron  oannot  be 
negleoted. 


Seith  and  Daur32  studied  the  migration  of  oarbon,  nitrogen,  boron  and 
nickel  in  iron  under  the  influence  of  an  electrical  field.  Aa  an  introduction 
to  this  study  these  authors  state  that  the  conception  ef  conductivity  by  means 
of  free  electrons  implies  the  presenoe  of  metal  ions  in  solid  metals.  Thus, 
on  the  passage  of  a  strong  ourrent,  not  only  must  the  electrons  migrate  to  £hf 
anode  but  also  the  metal  ions  must  migrate  in  the  opposite  direction  to  the 
cathode.  This  migration  is  not  deteotable  in  a  homogeneous  metal  since  the 
metal  lattice  is  considered  as  the  system.  If,  however,  the  metal  phase  con¬ 
sidered  contains  two  or  more  components  whose  mobility  and  ohargos  aro  of  a 
particular  nature  then  a  stats  may  ooour  in  which  the  density  of  the  positive 
charges  at  the  cathode  beoomes  very  large.  This  type  of  study  has  boon  oon- 
duoted  on  numerous  liquid  alloys  and  some  solid  alloys  and  the  resultant 
phenomena  must  be  explained  due  to  the  above  disoussed  oharge  distributions 
in  the  orystal. 

The  prineiple  of  this  theory  is  that  if  equal  sise  atoms  are  utilised 
in  the  erection  of  the  solid  solution,  then  that  one  with  the  higher  positive 
oharge  will  strive  towards  the  cathode.  In  the  ease  of  different  siso  atoms 
with  similar  charges,  the  smaller  ones  migrate  to  the  eathode  while  ttie  large 
ones  are  orowded  to  the  anode.  If  one  subjected  a  homogeneous  solid  solution 
to  electrolysis  between  non-oorrodable  eleotrodes,  dissolved  oharged  substances 
such  as  arise  in  the  electrolysis  of  aqueous  solutions  is  not  expooted,  but  the 
component  under  consideration  la  concentrated  with  respect  to  the  ends  of  the 
system  until  equilibrium  is  attained .  The  forces  maintaining  the  balanoe  are 
those  of  the  eleotrolytio  transport  in  tho  direotion  of  the  eleotrede  and  the 
force  of  diffusion  whioh  tries  to  farther  equalise  the  resulting  eonoentraticn 
gradients.  The  theoretical  considerations  show  first  the  effoot  of  tho  atomic 
siso  whioh  is  in  agreement  with  experiments , but  it  does  not  prodiot  the 
possible  direotion  of  migration,  or  the  sign  of  the  oharge.  In  many  oases, 
this  is  just  opposite  to  what  one  might  first  expeet.  In  lead,  the  noble  gold 
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migrates  to  the  anode.  Also  in  copper,  the  gold  goes  to  the  anode.  Carbon, 
which  forms  a  carbide  with  iron,  goes  on  the  other  hand,  to  the  cathode. 

Results  of  this  study  ehowed  that  carbon  and  boron  migrated  to  the 
cathode  whereas  nitrogen  was  transported  to  the  anode.  The  authors  concluded 
that  these  results  indicate  that  nitrogen  exists  in  the  form  of  nitride  and 
has  taken  up  electrons.  Carbon  and  boron,  on  the  other  hand,  are  dissolved 
as  ions.  This  might  also  be  stated  as  the  existence  of  stronger  bonds  between 
nitrogen  and  iron  than  between  carbon  or  boron  and  iron.  The  diffusion 
coefficient  of  boron  in  iron  at  approximately  1040°C  was  estimated  from  the 
data  to  be  1  x  10“5  cm2 /sec.  It  is  cf  interest  that  similar  studies  conducted 
with  nickel  or  silicon  showed  no  apparent  migration. 

Cayal  and  Darken33  conducted  similar  tests  with  some  modifications  of 
the  technique  and  observed  a  migration  of  carbon  to  the  cathode  in  agreement 
with  the  above  authors,  however,  the  difficulty  in  interpreting  the  results 
obtained  from  migration  studies  under  the  influence  of  an  electric  field 
should  be  considered.  Migration  of  an  element  to  the  cathode  only  implies 
that  the  electron  configuration  of  the  element,  under  the  influence  of  an 
electric  field,  has  become  of  such  a  nature  &b  to  be  positively  charged.  How¬ 
ever,  one  cannot  conclude  from  these  results  alone  that  the  electron  configura¬ 
tion  of  the  atom  in  its  natural  state  is  similar. 

The  primary  purpose  of  considering  the  possible  effect  of  boron  on  the 
diffusion  of  carbon  was  that  it  was  first  thought  that  such  an  effect  might 
explain  the  effect  of  boron  on  the  hardenability  of  steel.  This  thought  stemmed 
from  the  fundamental  fact  that  the  firit  product  of  the  decomposition  of 
austenite  in  hypoeutectoid  steels  is  proeutectoid  ferrite  and  in  order  for 
ferrite  nuclei  to  exist  carbon  must  diffuse  away  from  this  region.  If  boron 
in  some  manner  prevented  the  diffusion  of  carbon  then  of  MOMS  such  nuclei 
could  not  form  and  in  this  manner  the  decomposition  of  austenite  would  be 
inhibited.  As  a  result  of  this  line  of  thought,  the  effects  of  the  common 
alloying  elements  such  as  molybdenum,  chromium,  nickel,  etc.  on  the  diffusion 
of  carbon  were  briefly  reviewed  and  apparently  much  confusion  exists.  Further¬ 
more,  very  little  is  apparently  known  concerning  the  mechanism  of  these  common 
alloying  elements  pertaining  to  the  decomposition  of  austenite. 

However,  it  is  of  interest  to  consider  some  effecte  reported  in  litera¬ 
ture.  Tarken3^  reports  on  the  diffusion  studies  of  carbon  in  alloy  steels  con¬ 
taining  silicon  or  manganese.  At  approximately  equal  carbon  contents  carbon 
diffuses  from  a  high  silicon  to  a  low  silicon  austenite  and  from  a  low  manganese 
to  a  high  manganese  austenite.  Silicon  decreases  the  diffusivity  of  carbon  in 
austenite  whereas  equilibrium  measurements  show  that  silicon  markedly  increases 
the  activity  coefficient  of  carbon  in  austenite. 

Welle,  Batz  and  Mehl^1  alao  found  some  indication  that  silicon  (Zfc) 

a  dLifJTviS iQIi  COfiff iciSSt  C*  CATwCu  Jit  1127^0, 

Blauter^  studied  the  effect  of  nickel  on  the  diffusion  of  carbon  in 
austenite  at  1000*, . 1100°,  and  1200*C.  He  states  that  the  diffusion  coefficient 
of  carbon  Increases  continuously  with  increasing  nickel. 

Ham,  Parke,  and  Kerzig^  report  on  the  effect  of  molybdenum  on  the  dif¬ 
fusion  rate  of  carbon.  These  authors  state  that  at  approximately  1093°C»  molyb¬ 
denum  has  little  or  no  effect  on  the  rate  of  carbon  diffusion.  However,  at 
higher  temperatures  the  rate  is  accelerated  while  at  lower  temperatures  it  is 
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retarded.  They  further  state  that  this  retardation  accounts  for  only  a  small 
part  of  the  effect  of  molybdenum  on  hardenability . 

Saoluchowski^  found  that  at  1000°C  both  molybdenum  and  tungsten 
retard  the  diffusion  of  carbon.  The  effect  of  tungsten  was  more  than  twice 
that  of  molybdenum.  This  author  states  that  there  is  no  connection  between 
the  variation  in  lattice  parameter  of  face-centered-cubic  iron  and  the  vari¬ 
ation  In  the  diffusion  rate  of  carbon. 

6.  If  fact  of  Boron  on  Thermal.  Magnetic  and  Electrical  Properties. 
Sarly  studies  of  the  electrical  and  magnetic  properties  of  fused  boron  are 
summarized  by  Mellor?®.  It  was  observed  that  fused  boron  at  ordinary  tempera¬ 
tures  is  a  very  poor  conductor.  Its  specific  resistivity  is  10^  times  that 
of  copper  at  ordinary  temperatures,  a  value  similar  to  that  of  carbon.  How¬ 
ever,  unlike  carbon,  boron  has  an  abnormally  high  negative  temperature 
coefficient  of  resistance  as  shown  in  Figure  9.  Above  1000*C,  the  resistance 
is  but  a  fractional  part  of  an  ohm.  Studies  of  fused  boron  also  shoved  that 
it  behaved  somewhat  like  a  spark  gap  or  arc  rather  than  a  solid  conductor. 

A  breakdown  in  voltage  as  in  the  case  of  an  air  gap  was  observed.  (See 
figure  10).  The  fused  boron  studied  was  not  pure  crystalline  boron  so  that 
the  properties  reported  can  only  be  considered  as  qualitative  data. 

Yensen^  studied  the  effect  of  boron  upon  the  magnetic  and  electri¬ 
cal  properties  of  iron.  He  found  that  small  additions  of  boron  as  boron 
suboxide  (B7O)  had  a  slightly  beneficial  effect  upon  the  magnetic  properties. 
This  was  explained  as  probably  being  due  to  the  reduction  of  iron  oxide. 

This  beneficial  effect  reaches  a  maxim'/ftt  small  contents  and  when  sufficient 
amount  of  boron  suboxide  was  added  to  leave  a  measurable  quantity  of  boron 
combined  with  the  iron  a  definite  detrimental  effect  of  the  magnetic  properties 
was  observed.  Yensen  also  states  the  boron  increased  the  specific  electrical 
resistance  of  iron  by  0.62  microhms  per  0.15*  boron  combined  with  the  iron. 

The  purpose  of  the  above  study  was  to  find  an  alloying  element  which  would 
reduce  the  last  tracss  of  iron  oxide  and  not  alloy  with  the  iron.  Further¬ 
more  the  chemical  analysis  used  was  not  accurate  for  small  amounts  of  boron 
so  that  the  data  cannot  be  considered  quantitative. 

24 

Clark  studied  the  effect  of  boron  on  the  thermal  conductivity  of 
steel  and  observed  a  very  noticeable  decrease  as  shown  in  Figure  11.  It  was 
observed  that  the  content  of  graphitic  carbon  decreased  in  the  same  manner. 


c.  jjjsgnmntt  aspicts 

1.  Deoxidation  and  Removal  of  Hltroxea.  With  the  exception  of  the 
usual  control  metuods  used  in  processing  a  good  quality  steel  up  to  the  point 
where  the  steel  is  in  the  lAdle,  no  other  control  is  indicated  for  the  boron 
steels.  However,  the  deoxidation  practice  and  the  fixation  of  nitrogen  are 
of  extreme  importance  because  of  the  high  affinity  of  boron  for  these  elements. 
Ignorance  of  this  fact  can  probably  explain  the  failure  of  early  investigators 
to  obtain  the  boron  effect  at  small  boron  additions  and  the  confusion  that 
existed  relative  to  the  required  amounts  of  boron. 

Udy  and  Rosenthal^  found  that  full  deoxidation  of  the  melt  was 
required  to  avoid  inconsistent  hardenability  results. 
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PER  CENT  BORON 


>•«•<*  l  -t  -Ptffow-!  t>*  bo**.^a  steels^**4^  atress  th^t  boron  must  be 

ro tec tec  by  prior  additions  of  strcrg  deoxidizers  sufficient  to  produce  a 

tLoco'.gtuy  <lUei  steal. 

A' c-ir-u-  ■'  •  r.?*  as  she  .eaxidizing  element  Aid  since  the 

get  .  -i  aaen.  *.s  of  opinion  si.itco  that  boron  lowers  the  coarsening  tempera- 
V--*e  -f  siuteoi'-s,  scxr  extra  abuslaun  is  added  to  compensate  for  this  effect 

bigge#  i-  S.»i  f  >xo.i.  tna;  the  boron  effect  on  aardenability 

di.i  Lnifl'.sd  with  ..acr**sing  nitrogen  content.  This  effect  was  nil  in  steels 
.c.dti  Log  n.oiof  nitrogen.  Ho sever ,  if  the  nitrogen  was  fixed  by  additions 

cf  titanium  or  rir v.‘uHim  the  hard-. ‘.ability  effect  is  operative. 

Inai  and  Inal*'*  sta'e  chat  in  general  the  nitrogen  contents  of  steels 
fiTcr'.»  tr  *>  i  •>r,»v  health,  or  e1  ec^'-ir  arc  and  induction  furnaces  are  as 
follows:  (1)  ope"  hearth  -  approximately  0  .001  to  0.008(6;  (2)  electric  arc 
an!  induction  furnaces  -•  approximately  O.OOo  to  0.040/«.  These  autnors  found 
that  if  the  nitrogen  content  in  steals  treated  with  boron  was  greater  than 
0.0086  the  boron  hardenabilitj  effect  decreases  markedly  with  increasing 
amounts  of  nitrogen.  At  0.02>  nitrogen  the  hardenability  effect  is  negligible. 

In  agreement  with  Digges  and  Reinhart,  the  effect  is  operative  if  the  nitrogen 
is  removed  or  fixed  by  titanium  or  aluminum  additions. 

A  patent^  was  granted  to  the  Carnegie-Illinois  Steel  Corporation 
covering  the  fixation  of  nitrogen  with  titanium.  This  patent  states  that  in 
steels  containing  more  than  0.0065b  nitrogen,  the  titanium  addition  should  be 
at  least  five  times  the  amount  the  nitrogen  content  which  exceeds  0. 0065b, 

Gurry1*1*  showed  by  thermodynamic  calculations  that  the  deoxidising 
power  of  boron  was  better  than  silicon,  vanadium  or  titanium  and  almost  as 
good  as  aluminum  or  zirconium.  Derge4*  studied  the  boron-oxygen  equilibrium 
In  liquid  iron  and  the  experimental  results  differed  appreciably  from  Gurry's 
theoretical  calculations.  Experimental  results  show  the  deoxidizing  power  of 
boron  is  comparable  with  that  of  silicon.  Chipman4®  reviews  the  problem  of 
steel  deoxidation  and  remarks  that  deoxidizers  not  only  remove  oxygen  from 
solution  but  also  have  a  pronounced  effect  on  the  activity  of  oxygen  in  iron. 

This  author  states  that  the  discrepancy  between  Derge's  and  Gurry's  data  may 
be  explained  by  the  effect  of  boron  on  the  activity  of  oxygen. 

As  a  means  of  showing  the  relative  affinity  of  boron  for  oxygen  and 
nitrogen  in  comparison  with  some  of  the  common  alloying  elements,  the  free 
energies  of  formation  for  the  oxides  and  nitrides  were  calculated  from 
existing  data  and  the  results  are  plotted  in  Figures  12  and  13.  It  should  be 
stressed  that  these  results  at  best  are  only  rough  approximations.  The  free 
energy  equations  used  and  data  calculated  are  given  in  Tableel^LOf  special 
interest  is  the  fact  that  aluminum  appears  not  to  be  a  decisive  denitrider  in 
the  presence  of  boron. 

2.  Type  of  Boron  Additions.  Investigations  of  boron  steels  have 
incorporated  both  additions  to  the  ingot  molds  and  to  the  ladle.  The  latter 
method  is  more  feasible  in  commercial  practice  and  several  investigations-51»52 
report  that  the  properties  of  boron  steel  produced  in  this  manner  were  as 
uniform  a6  boron-free  heats.  These  authors  state  that  in  general,  the  properties 
of  boron  steelB  were  not  critically  dependent  upon  the  kind  of  ferro-alloy  in 
which  boron  was  added.  These  heats  were  prepared  in  the  open  hearth. 
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CoDgtock^  report#  on  the  effects  of  eight  type#  of  ferro-alloys 
containing  boron  to  steels  prepared  in  an  induction  furnace.  Results  indi¬ 
cate  that  the  complex  alloys  containing  titanium  and  zirconium  were  superior 
to  ferro-boron.  This  is  probably  due  to  the  fixation  of  nitrogen  which  is 
relatively  high  in  steels  prepared  in  induction  furnaces. 

Corbett  and  Williams^  added  boron  by  additions  of  either  dehydrated 
borax  or  fused  B2O3  glass  and  found  such  stdditions  satisfactory. 

3.  Hardenabllity.  Hardenability  may  be  defined  as  the  lowering  of 
the  critical  cooling  rate  to  obtain  a  fully  hardened  specimen.  The  prime 
reason  for  adding  alloying  elements  to  steel  is  to  enhance  the  hardenability 
cf  the  steel  and  thereby  the  properties  of  the  steel  after  quench  hardening 
and  tempering.  The  tempered  martensite  possesses  a  greater  capacity  to 
deform  without  rupture  at  any  strength  level  compared  to  the  same  strength 
level  obtained  by  simple  cooling  or  normalising.  The  decrease  of  the  critical 
cooling  rate  is  well  known  as  a  displacement  of  the  T-T-T  curve  to  the  right. 

Steels  subjected  to  hardenability  specifications  can  be  classified  as 
(1)  shallow  hardening,  (2)  medium  hardening,  and  (3)  deep  hardening.  In 
general  then,  hardenability  tests  axe  designed  primarily  for  only  one  classi¬ 
fication  and  these  tests  are  described  adequately  elsewher&55. 

Grossman-*^  presented  a  method  for  calculating  the  hardenability  of  a 
steel  from  its  chemical  composition  which  i>  satisfactory  for  first  approxi¬ 
mations.  There  are  many  factors  which  make  the  determination  of  hardenability 
difficult  and  these  are  discussed  by  several  authors57 ,58*59.  Some  of  the 
prominent  factors  are  (l)  grain  size,  (2)  concentration  gradients  of  alloying 
elements,  (3)  rate  of  carbon  solution  in  austenite  and,  (4)  non-metallic 
inclusions. 

The  influence  of  the  common  alloying  elements  on  hardenability  has 
been  studied  by  calculating  multiplying  factors  as  proposed  by  Grossman  and 
some  discrepancies  are  obaerved®0*^!.^ 

Literature  reporting  the  effect  of  small  additions  of  boron  on  the 
hardenability  of  steel  is  voluminous  so  that  only  the  pertinent  factors  will 
be  considered  below, 

4.  Effect  of  Carbon  Content  on  Boron  Hardenability.  first  the  effect 
of  carbon  content  on  the  boron  hardenability  should  be  considered.  Grange  and 
Garvey®3  studied  the  hardenability  of  four  series  of  plain  oarbon  steels  con¬ 
taining  0.40 , 0.52,  0.63,  0.74$  oarbon.  It  is  shown  that  the  increase  in 
hardenability  due  to  boron  decreases  with  increasing  carbon  content  (see  Figure 
14).  The  implication  is  that  boron  will  not  increase  the  hardenability  of 
hypereutectoid  steels.  Bahrer  and  Armstrong®^  investigated  steels  containing 
0.12  to  0.95$  carbon  and  their  date  confirms  the  fact  that  the  effect  of  boron 
on  hardenability  becomes  negligible  at  about  eutectoid  composition.  These 
data  indicate  that  the  optimum  effect  of  boron  is  achieved  in  steels  of  0.40 

to  0.60$  carbon. 

Crafts  and  Lemoat^0  also  observed  a  decrease  in  boron  hardenability 
with  increasing  carbon  content. 

Only  one  investigation  has  been  reported  to  date  on  hypereutectoid 
steels.  Brik,  et  al68  studied  a  steel  containing  1.07$  carbon  and  small 
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additions  of  boron.  Results  show  that  0.003  to  0.005$  boron  retarded  the 
transformation  of  austenite  at  400  -  5*>0*C  and  the  hardenabllity  tests 
parallel  this  stability. 

Areoentretiev-^  states  that  indications  sure  that  optimum  effects 
are  obtained  vhen  slse  of  the  addition  introduces  from  0.0008  to  0.003$ 
boron  Into  the  through-hardening  steels.  The  increase  in  hardenabllity 
appears  proportional  to  the  boron  content  up  to  about  0.001$  boron  but 
beyond  this  value  the  hardenabllity  is  not  affected  very  much.  In  the  lower 
carbon  steels  the  optimum  effect  is  obtained  at  somewhat  higher  boron  con¬ 
tents  and  the  proportional  effect  appears  to  continue  above  0.003$  boron. 

It  should  be  noted  at  thie  point  that  confusion  may  arise  in  regards 
to  the  optimum  effect  of  boron  and  the  correlation  between  hardenabllity  and 
boron  content  due  to  the  so-called  effective  and  ineffective  boron.  Appar¬ 
ently  only  the  boron  atoms  in  solid  solution  are  effective  in  increasing  the 
hardenabllity;  thus,  any  element  which  tends  to  tie  up  boron  will  deorease 
this  effective  amount.  Chemical  analysis  for  such  email  amounts  of  boron 
as  are  utilised  in  boron  steels  is  obviously  difficult  and  analysing  for 
only  the  effective  boron  appears  improbably.  Methods  used  in  analysing  for 
boron  are  presented  in  a  review  of  boron  literature  by  Bean  and  Silkes®5. 
Apparently  the  colorimetric  method  using  quinalisarin  is  the  most  satis¬ 
factory.  Some  distinction  between  effective  and  ineffective  boron  may  be 
obtained  by  analyzing  for  acid  soluble  boron  as  reported  by  Corbett  and 
Williams^.  These  authors  state  that  soluble  and  insoluble  boron  increase 
linearly  ae  total  boron  increases  with  Insoluble  boron  Increasing  at  the 
greater  rate,  further  the  amount  of  soluble  boron  decreases  with  an  increase 
of  carbon  content.  Such  a  phenomena  might  have  some  bearing  on  the  decrease 
of  the  boron  effect  with  increasing  carbon  content.  The  amount  of  soluble 
boron  also  decreases  with  increasing  silicon  or  manganese  content. 

5.  Effect  of  Other  Alloying  Elements  _on  Boron  Hardenabllity.  The 
effect  of  boron  on  hardenabllity  la  apparently  anhanced  by  the  addition  of 
other  alloying  elements  such  as  chromium,  manganese  and  molybdenum. 

Comstock53  states  that  boron  exhibits  a  better  effect  on  manganese  steels 
than  on  nlclcel-chromiun  steels.  A  similar  effect  is  observed  in  manganese 
steels  over  plain  carbon  steels*2.  Blgges  and  Reinhart^  remark  that  the 
effectiveness  of  boron  in  enhancing  the  ardenability  increased  with  limiting 
amounts  of  manganese,  chromium,  or  molybdenum,  Yickel  contents  up  to  0.6$ 
did  not  have  a  similar  influence.  Several  authors**2 report  that  boron  is 
more  effeotlve  in  the  complex  triple  alley  type  of  steel.  Udy  and  Rosenthal^ 
observed  that  increasing  molybdenum  up  to  0,40$  enhanced  the  boron  effect, 

6.  Iff  set  of  Boren  on  Tranaforimtlon  Feints  and  1-T-T  Oarv. 

The  effectiveness  of  boron  in  enhancing  the  hardenabllity  of  eteel  ie  believed 
to  be  lte  action  in  retarding  the  rate  of  ancleatlon  of  ferrite  while  in  solid 
solution  in  austenite.  Thus,  ite  effeot  on  the  transformation  points  and  iso¬ 
thermal  studies  is  of  primary  interest . 

Blgges,  et  al^1  state  that  boron  ft^^lfgnif  leant  influence  on  trans¬ 
formation  points  end  did  not  affeot  tha  Ms  temperature.  Dllatemeter  studies 
of  plaib  carbon  steels  shoved  little  difference  of  Aoi,  AC3  or  iri  but  the 
At3  temperature  was  lowered  by  20  to  50*066 1  This  indicates  a  retardation 
of  the  nuoleation  of  proeutectold  ferrite.  A  notable  lowering  of  the  Ary 
was  observed  in  alloy  stools  containing  boron  while  again  no  change  was 
noticed  in  the  other  transformation  points*?. 
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T-T-T  diagrams  and  corresponding  end-quenched  hardenability  curves 
have  been  published  by  the  United  States  Steel  Company  for  several  hypo- 
eutectoid  steels  with  and  without  boron  additions^.  A  typical  curve  is 
reproduced  in  Figure  15.  Boron  exhibits  a  narked  retardation  on  the  beginning 
of  ferrite  formation  and  on  the  formation  of  upper  bainite.  Just  below  A#^ 
boron  apparently  has  little  retarding  effect  on  the  formation  of  pearllte 
and  may  even  accelerate  the  pearlite  transformation.  The  effect  of  boron  is 
predominant  in  the  temperature  range  where  fine  pearlite  and  upper  bainite 
are  formed.  It  is  of  interest  to  note  that  the  times  required  for  the  completion 
of  austenite  decomposition  are  not  appreciably  affected  by  boron  additions.  Thus, 
in  general,  the  elapsed  time  betve?r»  beginning  and  end  of  transformation  is  less 
for  steels  containing  boron  than  1  r.  non-boron  steels. 
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Brik,  et  al  studied  two  boron  steels  containing  approximately  0A8fi 
carbon  and  1.0?)b  carbon.  For  the  latter  steel  they  report  that  0.003*0. 005? 
boron  retarded  the  transformation  of  austenite  at  400  -  j>6 Q°C  and  in  the  0.48/b 
carbon  steel  at  320  -  560°C.  further  increases  in  boron  accelerated  austenite 
decomposition;  at  0.00b>  boron  the  austenite  transformation  was  faster  than 
without  boron.  At  higher  temperatures  (620  -  650°C)  even  the  smallest  addition 
of  boron  accelerated  the  rate  of  austenite  transformation.  Studies  of  a  0.3C$> 
carbon  steel  showed  a  change  in  the  shape  of  the  curve  with  additions  of  boron^. 

A  decrease  in  the  quantity  of  proeutectoid  ferrite  was  visible  in  the  structure. 
The  largest  effect  of  boron  was  observed  at  the  knee  and  in  the  upper  bainite 
region. 


Potaszkin  and  Jaspart^?  report  that  the  results  of  the  isothermal  studies 
of  Ni-Cr-Mo  steels  containing  boron  were  similar  to  the  results  reported  above. 
Boron  shifts  the  T-T-T  curve  far  to  the  right.  An  important  retardation  of 
proeutectoid  ferrite  and  a  stabilization  of  austenite  in  the  bainitic  region  was 
observed.  The  nose  of  the  curve  is  around  600°C  but  the  temperature  above  which 
boron  accelerates  transformation  is  650*0.  Below  thiB  temperature  boron  retards 
the  decomposition  of  austenite. 

7.  Influence  of  Heat  Treating  Variables  on  Boron  Hardenability .  In 
general,  for  any  given  steel,  an  increase  in  austenitizing  temperature  with 
accompanying  increase  in  grain  size  results  in  increased  hardenability,  However, 
boron  steels  do  not  behave  in  this  manner.  Grange  and  &arvey®3  studied  the 
effect  of  austenitizing  temperatures  upon  the  hardenability  of  several  boron  steel 
The  hardenability  was  less  at  austenitizing  temperatures  of  1093*C  (2000°F)  than  a 
816  to  871*0  (1500  -  1600*1),  Figure  16  shows  the  results  obtained  with  a  0.255b 
carbon  low  alloy  steel  with  and  without  boron.  Full  hardenability  of  samples 
treated  above  982°C  could  be  regained  by  a  second  treatment  at  the  optimum  tem¬ 
perature  of  843*0. 

Potaszkin  and  Jasper subjected  Jominy  test  specimens  of  Ui-Cr-S'io 
steels  containing  boron  to  the  following  treatments?  (l)  austenitized  at  875*C, 
then  water  quenched;  (2)  austenitized  at  1100#C,  quenched  to  875*U,  then  quenched 
in  water  or  oil.  The  higher  austenitizing  temperature  resulted  in  slightly  less 
hardenability.  This  decrease  in  hardenability  was  accompanied  by  a  characteristic 
boron  constituent  at,  the  grain  boundaries. 

Digges  and  Reinhart*4'*  investigated  the  effect  of  austenitizing  temperature 
on  hardenability  for  some  experimental  boron  steels  containing  manganese.  In 
some  oases  higher  austenitizing  temperatures  wen  beneficial  but  detrimental  in 
other  cases.  The  accompanying  increase  in  grain  size  with  Increased  austenitizing 
temperatures  could  explain  the  increased  hardenability  for  a  few  steels.  However, 
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although  the  grain  size  was  increased  in  some  cases  the  hardenability  decreased. 
Tnis  suggested  that  some  other  factor  besides  grain  size  is  operative  which  is 
in  agreement  with  the  Orange  and  Garvey  report. 

Digges,  Irish  and  Carwile^  conducted  a  study  of  the  critical  cooling 
rates  as  a  measure  of  the  hardeoability  of  several  high  purity  steels.  The 
critical  cooling  rate  decreased  (hardenability  increased)  continuously  with 
increased  quenching  temperatures  (from  816  -  1093*C)  for  non-boron  steels  con¬ 
taining  0,32$  oarbon.  For  0,50$  carbon  steels  the  critical  cooling  rate  was 
not  affected  by  changes  in  austenitizing  temperatures  over  a  range  from  ??4  tc 
1093*C.  With  a  0.70$  carbon  steel,  this  rate  vae  approximately  constant  when 
the  alloy  was  quenched  from  temperatures  of  774*  to  871°C  but  decreased  rapidly 
with  increasing  temperatures  between  871°  to  982°C  and  less  rapidly  with  further 
increases  up  to  1093°C. 

For  the  alloys  containing  boron,  the  critical  cooling  rate  decreased 
continuously  with  increase  in  quencning  temperatures  when  the  carbon  content 
was  0.47$.  With  0.74$  carbon  a  constant  rate  was  observed  in  the  temperature 
range  from  774*  to  871*C  and  a  slight  decrease  in  the  rate  from  871*  to  1093®C. 

It  is  stated  that  the  improvement  in  hardenability  of  the  boron  treated 
alloys  was  confined  primarily  to  the  high  range  in  austenitizing  temperatures  for 
the  alloys  containing  approximately  0,5$  carbon  and  to  the  low  range  when  the 
carbon  content  was  about  0.7$.  The  above  data  were  obtained  on  specimens  pre¬ 
pared  from  homogenized  bars  and  it  was  shown  by  the  authors  that  the  effect  of 
boron  was  adversely  affected  during  this  operation.  Consequently,  only  tentative 
conclusions  can  be  made  from  this  work. 

Boron  does  not  Increase  the  resistance  to  softening  or  tempering  as 
does  other  alloying  elements.  Thus,  the  tempering  temperature  for  boron  steels 
is  generally  a  little  lower  than  required  for  lean  alloy  steels. 

8.  affect  of  Boron  on  the  Mechanical  Properties.  The  effect  of  boron 
on  the  engineering  factors  such  as  notch  toughness,  temper  brittleness,  tensile 
and  yield  strengths,  etc.  are  adequately  reviewed  in  numerous  recent  articles 
and  will  not  be  considered  hereto i83.  Boron  apparently  either  exhibits  no  effect 
or  a  detrimental  effect  on  the  properties  of  plain  carbon  steels  In  the  normalized 
state.  However,  it  ie  of  interest  to  consider  the  results  obtained  by  Baxdgelt 
and  Reeve'**.  This  paper  discusses  the  results  of  mechanical  tests  obtained  on 
several  series  of  low  carbon  (0,04  to  0.18$)  low-alloy  steels  containing  boron 
In  the  normalized  condition.  Additions  of  0.003$  boron  to  a  mild  steel  had  no 
effect  on  the  mechanical  properties.  However,  the  same  amount  of  boron  when 
added  to  the  same  Bteel  with  0.58 %  molybdenum  resulted  in  an  almost  doubling 
the  maximum  stress  and  yield  stress  at  the  same  time  retaining  good  ductility 
and  toughness.  The  most  promising  steel  contains  0.40$  molybdenum,  about  0,50$ 
manganese  and  0.0015$  boron. 


Dj_  BORON  II  CAST  AMD  MALLEABLE  IROH 

It  is  of  interest  to  consider  the  effect  of  boron  in  cast  irons  ae  it 
portrays  a  reversal  in  its  effect  on  carbon.  Schwartz?!  states  that  the  addition 
of  1.0$  boron  to  white  cast  iron remderet  the  iron  unaonealable.  However,  about 
0.1$  boron  increased  the  rate  of  graphitization  at  high  temperatures  and  0.04$ 
increased  it  further.  Additions  of  0.001$  considerably  accelerated  the  anneal. 
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Xckman  and  Maack?^  obtained  patent  rights  for  the  small  addition  of 
talluriua  and  boron  to  cast  iron.  Tellurium  (0.001  -  0.0155)  prevents  the 
formation  of  primary  graphite  during  casting  and  the  boron  (0,001  to  0.015) 
accelerates  graph!  ti  sat  ion  during  annealing,  further  studies  of  boron  in 
cast  irons  are  reported  by  several  other  auth>re?3  *74,75, 


1.  MVCHAVISMS  PEOPOSE)  TO  IXPLAIV  BOEOK  HABDgVABILITT 


Vo  oonprehensive  mechanisms  have  been  proposed  to  explain  the  effect 
of  boron  on  hardenability.  Bose  speculates  that  this  effect  can  be  explained 
by  assuming  that  even  very  small  amounts  of  feO  or  Te203  have  a  very  harmful 
effect  on  hardenability.  Thus,  boron  aots  as  an  unusually  strong  deoxidizer 
which  completely  reduces  the  Iron  oxide  and  that  a  small  excess  of  boron  is 
harmful  to  hardenability .  However,  this  hypothesis  does  not  appear  likely  on 
the  basis  of  the  deoxidizing  power  of  boron  as  determined  by  either  Serge  or 
calculated  by  Gurty. 

Sean  and  Silkes^  state  that  the  remarkable  effect  of  boron  on  harden¬ 
ability  up  to  0.00255  and  the  decrease  or  reversal  effect  beyond  that  point 
indicates  a  different  mechanism  of  action  than  in  the  ease  of  manganese, 
chromium,  molybdenum  and  other  alloying  elements.  They  state  that  a  dispersion 
of  the  boron  in  austenite  is  more  likely  than  solution. 

Chandler  and  Bredlg^  propose  that  boron  behaves  as  a  fluxing  agent 
upon  the  particle  size  of  nitrides  of  other  elements  rather  than  an  alloying 
agent  or  as  a  compound  former  with  nitrogen.  This  is  based  on  the  assumption 
that  the  nitrides  act  as  nucleating  agents  in  the  decomposition  of  austenite 
and  that  the  boron  behaves  as  a  fluxing  agent  in  reducing  the  critical  size 
of  these  nitrides  below  which  they  are  ineffective.  ThiB  hypothesis  appears 
to  bs  in  direct  contradiction  to  the  experimental  data  reported  by  Xaal  and 
Imai^2t  These  latter  authors,  as  reported  below,  found  that  boron  promotes 
the  precipitation  of  visible  nitride  particles. 

The  investigations  conducted  by  Corbett  and  Williams^*  show  that  soluble 
boron  does  not  Increase  much  beyond  this  point  of  maximum  hardenability  at  0.00255 
total  boron.  These  authors  believed  that  both  soluble  and  insoluble  boron  affeot 
the  hardenability  but  no  mechanism  was  proposed. 

Imal  and  Iaai  also  found  a  maximum  in  Imrdenability  with  the  addition 
of  about  0.0035  to  a  medium  oarbon  steel  (0.35)  •  further  increase  in  boron 
showed  a  sharp  decrease  in  the  hardenability  effect.  These  authors  isothermally 
transformed  specimens  below  400*C  and  showed  that  boron  accelerated  the  precipi¬ 
tation  of  nitrides  and  suppressed  the  formation  of  carbide.  Thus,  they  proposed 
that  the  nitride  precipitant  acts  as  transformation  nuclei  for  the  formation  of 
martensite  and  also  increases  the  stability  of  the  autenite. 

The  above  authors  show  that  for  a  steel  containing  approximately  0.35 
carbon  and  0.004  to  0.0065  nitrogen  the  maximum  hardenability  is  attained  at 
0.00275  total  boron.  The  hardenability  decreased  sharply  with  increasing  boron 
content  up  to  0.0055  boron.  With  further  increase  in  boron  up  to  0.0415  the 
hardenability  effect  decreases  slightly.  This  was  explained  by  the  fact  that 
the  precipitation  of  Je2B  or  a  double  compound  of  boron  was  first  observed  at 
the  grain  boundaries  with  additions  of  about  0.00275  boron.  Below  this  value 
evidently  the  boron  content  is  below  the  saturation  point.  Above  0.00275  borov, 
the  amount  of  this  characteristic  precipitate  increased  markedly.  Therefore, 
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on  quenching  these  precipitates  act  as  nuclei  for  the  formation  of  ferrite  and 
thus  decrease  the  relative  hardenability .  Hence,  the  critical  amount  of  boron 
for  the  steel  studied  should  be  lower  them  0.0027$. 

Grange  and  Garvey^  found  the  best  correlation  between  hardenability 
and  the  quantity  of  the  characteristic  boron  constituent  at  austenite  grain 
boundaries  which  is  obtained  by  a  special  heAt  treatment.  The  authors  state 
that  if  the  boron  content  is  less  than  0.0004$  the  compound  does  not  form. 

Grange  and  Garvey  propose  that  the  boron  atoms  are  preferentially  lofeated  at 
the  austenite  grain  boundaries  Just  prior  to  transformation  and  in  some  manner 
inhibit  grain  boundary  nucleation.  It  is  further  assumed  that  this  enrichment 
of  boron  atoms  at  the  grain  boundaries  may  result  in  some  precipitation  of  a 
boron  compound  but  that  only  that  boron  remaining  in  solid  solution  is  effective 
in  retarding  nucleation  of  ferrite. 

It  is  of  interest  to  note  that  these  authors  state  that  the  effect  of 
austenitizing  temperatures  on  boron  hardenability  may  be  explained  due  to  cm 
unfavorable  distribution  of  boron  in  austenite.  At  relatively  low  austenitizing 
temperatures  undissolved  particles  remain  which  might  contain  some  carbon  and 
boron  atoms.  The  decrease  in  boron  hardenability  of  the  higher  carbon  steels 
may  be  due  to  insufficient  austenitizing  temperatures  for  the  solution  of  such 
particles.  It  is  further  stated,  however,  that  higher  austenitizing  temperatures 
may  lead  to  unfavorable  distribution  of  boron  and  result  in  decreased  hardenability. 

This  so-called  unfavorable  distribution  may  be  explained  by  the  grain 
boundary  mechanism  proposed  by  Spretn&k  and  Speiser^.  Assuming  that  boron  in 
iron  exhibits  a  positive  deviation  from  Raoult's  Lav  it  is  shown  that  such 
solute  elements  are  preferentially  absorbed  at  grain  boundaries  and  this  enrich¬ 
ment  increases  with  increasing  temperatures. 

Thus,  when  the  absorption  of  boron  exceeds  the  solubility  limit  at  a 
given  temperature  a  boron  compound  may  precipitate.  Then  upon  quenching  from 
this  temperature  the  precipitate  act  M  nucleating  agents  for  the  decomposition 
of  austenite  and  thus  reduce  the  relative  hardenability. 

Corson^1  suggested  that  boron  increases  hardenability  by  acting  as  a 
scavenger  for  some  deleterious  agent,  «uch  as  perhaps  nitrogen. 

Digges,  Irish  end  Carwile^  state  that  only  the  boron  in  solid  solution 
is  effective  in  enhancing  hardenability  and  that  it  decreases  the  rate  of 
nucleation  of  ferrite  and  carbide. 
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ii.  the  mcHAiiiN  or  thi  bq&qv  jvtict 


li£ii 


DUCTIOI 


fhe  prismry  objective  ef  this  research  project  is  ths  olarif ioation  of 
the  mechanism  of  tho  boron  hardenabillty  offset  in  hoot  troatoblo  stools.  Ao- 
cordially,  one  of  tho  results  of  this  correlated  review  of  ths  pertinent 
inforMtion  on  boron  should  be  a  working  hypothesis  bated  on  a  critical  eval¬ 
uation  of  data  on  deconposltien  of  austenite  in  general  and  on  data  relating 
to  the  transformations  in  boron  treated  steels .  Such  a  hypothesis  would  serve 
as  a  basis  of  planning  and  ds signing  of  erltleal  experiments  on  the  boron 
effect. 


ft.  specific  effects  oy  jam 

It  is  logical  first  te  consider  the  speelfio  effects  of  boron  in  har- 
denable  steels.  The  principal  sffeot,  of  course,  is  a  significant  Increase  in 
hardenabillty  with  as  little  as  0.0005^  boron;  l.e.,  the  oritioal  cooling  rate 
is  decreased  by  boron.  The  effectiveness  of  boron  is  inversely  proportional 
to  ths  carbon  content  and  is  essentially  nil  at  euteotoid  oonpoeltion.  There 
is  soae  divergence  in  eplnion  as  to  whether  or  not  boron  exerts  an  sffeot  in 
hyper-eutectold  steels.  Howevsr,  the  best  inf oraatlon  indicates  that  the  boron 
effect  is  indeed  restricted  to  hypo-eutectoid  steels.  This  point  should  be 
established  definitely  by  experimentation  since  it  is  important  fundamentally. 
Accepting  the  above  tentative  conclusion,  one  can  state  consequently  that  the 
effectiveness  of  boron  is  inversely  proportional  to  the  amount  of  pro-eutectoid 
ferrite  characteristic  of  the  carbon  content. 

Examination  of  transformation  diagrams  of  boron  steels  leads  to  some 
general  observations:0^ 

1.  Boron  effectively  delays  the  start  of  transformation  in  the  tem¬ 
perature  range  from  A#^  to  roughly  the  middle  of  the  bainite  range. 

2.  Boron  likewise  delayu  the  beginning  of  the  transformation  to 
pearlite  following  the  formation  of  pro-eutectoid  ferrite. 

3.  Boron  has  essentially  no  effect  on  the  time  for  completion  of  the 
transformation.  A  single  exception  ean  bo  cited  for  the  upper  bainite  region 
Just  under  the  nose  of  the  curve.  This  region  will  bs  discussed  in  a  subsequent 
section.  It  appears  that  this  sffeot  is  a  result  of  a  change  in  the  basic' 
transformation  mechanism  induoed  by  boron  in  this  temperature  range. 

From  the  viewpoint  of  engineering  properties,  it  may  be  said  that  in 
general  boron  imparts  only  a  hardenabillty  effect  without  a  change  in  the 
Inherent  combination  of  mechanical  properties  when  quenched  out  to  martensite. 
Care  must  be  exercised  in  comparing  properties  always  to  tsdce  into  account 
the  base  composition  of  the  steels.  There  are  some  reports  that  boron  reduces 
impact  properties,  but  this  point  needs  clarification. 
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fl.  GBAIN  BOUNDARY  EFFECTS 

There  have  been  at  times  suggestions  that  boron  may  form  a  film 
entirely  around  the  austenite  grain  or  that  a  film  of  the  compound 
may  similarly  form  and  be  the  mechanism  of  the  hardenability  effect.  In 
this  connection,  it  is  of  interest  to  examine  some  of  the  ramifications 
of  the  concentration  range  of  boron  employed,  namely  0.0005  to  0.003  P®r 
cent  in  a  grain  size  range  of  ASTM  Grain  Size  No.  1  through  10. 


The  ratio  of  the  iron  to  boron  atoms  and  the  number  of  unit  cells 
of  gamma  iron  per  boron  atom  we  listed  in  the  following  table: 


Weight  %  B 


Batio  of  iron  No.  of  Fe  unit 

12.  >.oron  cells  per  boron  atom 


0.0005 

3.87  X 

0.0010 

1.93  x 

0.0015 

1.29  X 

0.0020 

9.68  X 

0.0025 

7.75  x 

0.0030 

6.65  X 

lo£  9.97  X  103 
loT  4.83  x  i<y 
lo;  3.22  x  lo3 
lo3  2.42  x  lo3 
icy  1.94  X  icy 
103  1.66  x  l(y 


It  is  of  interest  to  note  that  even  at  the  highest  concentration,  there 
are  1600  unit  oells  of  iron  per  boron  atom,  assuming,  of  course,  a  uniform 
distribution  of  boron. 


Th?  ter,  area,  volume,  and  number  of  unit  oells  for  the  various 

grain  sir  Listed  in  Table  III,  along  with  the  total  number  of  boron 

atoms  per  v  as  a  function  of  grain  size  and  composition.  Despite  the 
low  concentrations,  the  total  number  of  boron  atoms  per  grain  is  of  an  appre¬ 
ciable  order  of  magnitude. 

The  possibility  of  forming  a  complete  boron  film  on  the  grain  boundary 
is  first  considered.  Tor  the  purpose  of  this  calculation,  the  extreme  case 
of  100$  adsorption  of  boron  to  the  grain  boundary  is  assumed.  (In  reality, 
this  is  highly  improbabls  because  of  the  very  limited  solid  solubility  of 
boron  in  iron.)  Boron  prefers  to  crystallise  in  equilaterial  hexagonal 
sheets;*®  the  selected  value  for  the  length  of  a  side  Is  1.80  a.  A  simple 
oaloulation  shows  that  two  boron  atoms  oovsr  an  area  of  8.4  x  10  °omz . 

By  using  the  eurfaoe  area  of  the  grain  and  the  total  number  of  boron  atoms 
per  grain,  one  can  test  the  possibility  of  such  a  boron  network  for  various 
grain  slsee  and  concentrations .  At  0.0005)tl,  snob  a  film  is  possible  for 
grain  eisee  up  to  Grain  Size  Vo.  6;  at  0.001j(  B,  the  film  is  possible  up 
to  grain  else  Vo.  9:  at  0.0l5f  V,  the  film  le  possible  up  to  grain  else  Vo. 

10.  At  higher  concentrations,  the  boron  film  is  possible  for  all  the  grain 
sizes  considered.  Again,  it  should  be  emphasised  tbat  this  assumes  lOOjt 
adsorption  of  boron.  Such  an  event  is  highly  improbable,  since  on  reaching 
the  limit  of  solubility  in  the  grain  boundary  area,  furthar  adsorption  could 
ocour  only  through  tha  prsoipitation  of  T egB  from  solid  solution.  If  euoh 
a  film  does  fora,  it  would  be  expected  that  it  would  have  a  pronounced  effeot 
on  the  interfacial  tension. 
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ASTM  Dii 

Grain 

Size  Bo.  M; 

_ Data  on  ASTM  Grain  Sizes _ 

Humber  of 
Cube  Faces 
on  Surface 
of  Grain 

ameter 

in 

icron8 

Surface  Area 
of  Gr|in 

CD 

Volume  of 
Grain 

car 

Humber  of 

Unit  Celle 
_Eer  Grain 

1 

280 

2.57 

x  10'3 

1.22 

x  10’ 

■5 

2.55  x  10 

17 

1.94  X 

lol2 

2 

200 

1.28 

x  10~3 

4.32 

x  10' 

-6 

8.98  x  10 

16 

9.70  X 

ion 

3 

150 

6.44 

x  104 

1.54 

x  10' 

-6 

3.20  x  10 

16 

4.87  x 

IO4 

4 

100 

3.21 

x  104 

5.43 

x  10' 

-7 

1.13  x  10 

16 

2.43  X 

ion 

5 

70 

1.61 

x  104 

1.92 

x  10’ 

-7 

3.99  x  10 

15 

1.21  x 

ion 

6 

50 

8.04 

x  io“5 

6.78 

x  lu‘ 

-8 

1.41  x  1013 

6.08  X 

lol° 

7 

35 

4.02 

x  IO'5 

2.39 

x  10' 

-8 

4.99  x  10 

14 

3.04  x 

lol° 

8 

24 

2.03 

x  10*5 

3.58 

x  10* 

■9 

1.79  x  10 

14 

1.53  x 

10l° 

9 

18 

1.02 

x  10“5 

3.05 

x  10' 

•9 

6.36  x  I0I3 

7.70  x 

109 

10 

12 

4.52 

x  lO-6 

9.05 

X 

.L 

1.88  x  IO13 

3.42  x 

109 

ASTM 

Humber  of  Boron  Atoms  per 

Grain 

Grain  0.( 
Size  So. 

3005 

o;ooio 

0.0015 

0.0020 

0. 

0025 

0.1 

Dnr 

1 

2.63 

xiol3 

5.27  i 

IO13 

7.90  x 

10« 

1 

.05  x  IO4 

1.32 

x  IQ4 

1.58 

X 

IO4 

2 

9.29 

x  1012 

1.85  x 

1013 

2.79  x 

1013 

3 

.72  x  10*3 

4.64 

x  10!3 

5.58 

X 

1013 

3 

3-31 

x  1012 

6.62  x 

1012 

9.93  x 

1012 

l 

.32  x  1013 

1.66 

xlO« 

1.99 

X 

1013 

4 

1.17 

x  1012 

2.34  x 

1012 

3.50  x 

1012 

4 

.67  x  1012 

5,84 

x  1012 

7.01 

X 

lQl2 

5 

4.13 

xlO11 

8.27  x 

1011 

1.24  x 

1012 

1 

.65  x  1012 

2.07 

xlO12 

2.48 

X 

lol2 

6 

1.46 

x  1011 

2.92  x 

1011 

4.38  x 

1011 

5 

.84  x  1011 

7.30 

xlO12 

8.76 

X 

ion 

7 

5.17 

x  1010 

1.03  x 

loll 

1.55  x 

loll 

2 

.06  x  1011 

2.58 

x  10H 

3.10 

X 

ion 

8 

1.85 

x  1010 

3.69  x 

1010 

5.54  x 

1010 

7, 

.39  x  1010 

9.24 

xlO10 

1.11 

X 

10U 

9 

6.58 

x  IO9 

1.32  x 

1010 

1.97  x 

1010 

2, 

.63  x  1010 

3.29 

x  IO4 

3.95 

X 

ioi° 

10 

1.95 

x  109 

3.89  x 

109 

5.84  x 

109 

7, 

.79  x  109 

9.74 

x  109 

1.17 

X 

lol° 
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It  can  be  next  assumed  that  as  the  Halt  of  solid  solubility  of 
boron  at  the  grain  boundary  is  exceeded  through  the  adsorption  effect, 
some  boron  would  be  precipitated  as  fejgB,  allowing  subsequent  adsorption 
to  continue.  It  could  be  argued  that  such  a  process  eould  be  continued 
until  all  the  boron  atoas  hare  been  precipitated  at  the  grain  boundary, 
forming  a  film  of  fe^B  on  the  grain  surface.  Calculations  were  aade  on 
the  possibility  of  forming  a  single  layer  of  JtgB  o.\  various  grains  at 
several  concentrations  of  boron.  Such  a  fila  is  possible  up  to  grain  size 
Vo.  7  for  0.0005$  B,  up  to  grain  sise  Vo.  9  for  O.OOlOJb  3,  and  up  to  grain 
site  Vo.  10  for  0.0015$  B.  The  fila  is  possible  for  all  grain  sises 
considered  in  the  concentration  range  of  0,0020  to  0.0030$  B. 

Although  these  calculations  show  that  an  iron  boride  fils  is  poss¬ 
ible  in  some  cases  from  a  concentration  viewpoint,  certain  aspects  of  the 
boron  hardenabllity  effect  lead  to  the  conclusion  that  such  a  film  does  not 
form  in  ordinary  heat  treating  procedures  and  that  such  a  film  is  not  re¬ 
sponsible  for  the  hardenabllity  effect,  first  of  all,  it  is  well  agreed 
that  the  magnitude  of  the  hardenabllity  effect  is  dependent  upon  the  amount 
of  boron  in  solid  solution.  Secondly,  from  the  behavior  of  the  metallograph- 
ic  test  for  boron,  it  appears  that  boron  dose  not  readily  precipitate  out 
at  temperature  in  the  austenite  range.  The  initial  step  in  the  metallograph- 
ic  test  is  to  austenitise  at  a  very  high  temperature.  Zt  is  presumed  that 
this  step  builds  up  the  boron  content  in  solid  solution  at  the  vicinity  of 
the  grain  boundaries  by  adsorption  effects.  The  specimen  is  then  quenched 
rapidly  to  a  sub-critical  temperature  to  develop  a  ferrite  rim.  It  is  ob¬ 
served  that  the  boron  precipitate  is  formed  with  time  in  the  ferrite  rim 
from  the  solid  solution  which  became  supersaturated  as  a  result  of  the 
temperature  change;  the  precipitate  does  not  form  at  the  austenitizing  tem¬ 
perature.  A  third  factor  is  the  observation  that  the  boron  is  more  effect¬ 
ive  with  faster  cooling  rates  through  the  austenite  range.  At  intermediate 
cooling  rates,  it  would  be  expected  that  the  precipitation  of  would  be 
promoted,  and  slow  rates  would  allow  boron  in  the  grain  boundaries  to  diffuse 
back  into  the  interior  of  the  grain  on  reducing  the  temperature. 

Although  it  is  very  unlikely  that  either  a  boron  film  or  an  iron 
boride  film  ie  the  underlying  boron  hardenabllity  mechanism,  the  possibil¬ 
ity  of  adsorption  effects  Involving  boron  in  solid  solution  in  austenite 
appears  to  be  of  primary  importance  in  explaining  some  aspects  of  the  boron 
hardenabllity  effect.  By  adsorption  it  is  meant  the  enrichment  or  deple¬ 
tion  of  a  solute  atom  in  the  vicinity  of  the  grain  boundary  without  precipi¬ 
tation  as  a  result  of  surface  tension  effects.  Positive  adsorption  signifies 
an  enrichment  of  the  grain  boundary  and  negative  adsorption  a  depletion  of 
the  solute  at  the  grain  boundary.  The  underlying  principle  of  adsorption 
effects  is  the  minimising  of  the  total  free  energy  of  the  system  by  mini¬ 
mizing  the  surface  energy.  A  solute  species  with  surface  tension  lower  than 
the  solvent  species  would  tend  to  concentrate  at  the  grain  boundary  and  in 
the  reverse  case,  in  the  interior  of  the  grain,  Effects  of  this  type  have 
been  reported  previousliuin  the  literature  for  aluminum-copper  alloys®®  and 
for  zinc-copper  alloys. 

fin 

Spretnak  and  Speieer  have  examined  the  thermodynamic  conditions 
leading  to  adsorption  effects.  The  following  basic  equation  is  given: 
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where 


ay 

WlnffiNt) 


a) 


Ilfl2  ■  sole  fraction  of  solvent  and  eolate  respectively 
in  the  homogeneous  phase 

surface  excess 

}f  *  surface  tension 


£  >  fas  constant 
T  »  absolute  temperature 

f2  ■  activity  of  Golute  in  the  homogeneous  phase. 


Positive  adsorption  occurs  when  ^ 


and  negative  adsorption  occurs  when  ^ 

£Z 

Ixamination  of  Iquation  1  shows  that  if  the  surface  tension  de¬ 
creases  as  the  mole  fraction  of  solute  in  the  homogeneous  phase  is  increased, 
an  excess  of  solute  will  be  present  in  the  surface  phase,  whereas  if  the 
surface  tension  increases,  there  will  be  a  deficiency  of  the  solute  in  the 
interface. 


It  was  further  demonstrated  that  the  temperature  coefficient  of 
adsorption  is  positive  if  the  temperature  coefficient  of  the  surface  ten¬ 
sion  is  negative.  Also,  the  positive  adsorption  at  the  interface  is  greater, 
the  greater  the  positive  deviation  of  the  homogeneous  phase  from  Baoult's 
law.  Phase  separation  can  he  considered  as  a  case  of  extreme  physical  ad¬ 
sorption  at  the  interface.  Carbon  has  been  found  to  exhibit  a  marked  positive 
deviation  in  austenite. 88  Since  one  would  expect  the  surface  tension  of 
solid  iron  to  decrease  with  temperature,  carbon  will  concentrate  increasing¬ 
ly  at  the  austenite  grain  boundaries  with  rising  temperature  and  will  diffuse 
away  from  the  grain  boundary  with  decreasing  temperature.  Formation  of  pro- 
eutectoid  ferrite  can  be  considered  to  be  a  case  of  extreme  negative  adsorp¬ 
tion  on  reduction  of  temperature  into  the  sub-critical  range. 

There  are  no  direct  data  as  yet  on  the  activity  of  boron  in  austen¬ 
ite.  However,  certain  aspects  of  the  hardenabillty  effect  strongly  point 
to  the  occurrence  of  significant  adsorption  effects  of  boron  in  gamma  iron. 
Important  to  consider  in  this  respect  is  the  metallographic  test  for  boron. ”3 
Briefly,  the  process  is  to  austenitize  the  specimen  at  a  very  high  tempera¬ 
ture,  quench  rapidly  to  a  sub-critical  temperature  at  which  a  ferrite  rio 
can  form,  and  finally  a  quench  to  room  temperature  in  order  to  convert  the 
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remaining  austenite  to  martensite.  The  boron  precipitate  occurs  aB  fine 
dots  in  the  ferrite  rim.  It  is  evident  that  the  solid  solution  at  the 
grain  boundary  brought  down  from  the  high  temperature  must  become  a  super 
saturated  solid  solution  at  the  reaction  temperature;  the  concentration 
at  the  high  temperature  must  be  more  than  the  solubility  at  the  ferrite 
reaction  temperature .  This  enrichment  can  be  explained  by  increasing 
positive  adsorption  of  boron  with  increasing  austenitizing  temperature. 

It  is  also  necessary  to  cool  rapidly  through  the  austenite  range  to  pre¬ 
vent  diffusion  of  boron  from  the  grain  boundary  to  the  interior  of  the 
grain  as  discussed  previously  for  the  case  of  carbon.  In  agreement  with 
this  explanation,  it  is  observed  that  the  higher  the  boron  content,  the 
lower  is  the  austenitizing  temperature  required  to  form  thb  boron  precipi¬ 
tate. 


It  1 8  of  interest  to  consider  the  order  of  magnitude  of  the  ad¬ 
sorption  effects,  for  the  purpose  of  these  calculations,  ASTM  grain  size 
No.  7  is  selected  and  the  solubility  of  boron  in  austenite  is  estimated  to 
be  0.0015$  at  the  sub-critical  reaction  temperatures;  the  enriched  grain 
boundary  area  will  be  assumed  to  be  50  A  in  thickness.  For  an  initial 
boron  content  of  0.0005$,  0.085$  adsorption  will  be  required  to  double  the 
horon  content  In  the  grain  boundary  volume.  This  means  that  0.08 5$  of  the 
boron  atoms  in  the  interior  of  the  grain  must  diffuse  to  the  grain  boun¬ 
dary.  To  obtain  0.0015$  B  (the  assumed  saturation)  at  the  grain  boundary, 
0.17$  adsorption  is  required.  In  the  case  of  initial  content  of  0.001$  B, 
0.043$  adsorption  would  be  required  for  saturation.  It  is  evident  that  the 
magnitude  of  adsorption  effects  to  enrich  the  grain  boundary  volume  is  of 
relatively  small  order. 

In  this  connection,  it  is  of  intorest  to  note  that  0.0004^  B  is 
reported  to  be  the  lower  limit  for  obtaining  the  boron  precipitate. Using 
again  the  assumed  solubility  of  0,C015$  B  at  the  sub-critical  reaction  tem¬ 
peratures,  it  is  evident  that  employing  the  maximum  austenitizing  tempera¬ 
ture,  the  grain  boundary  can  be  enriched  by  adsorption  to  a  maximum  of 
somewhat  over  triple  the  average  concentration. 


I .  CLUSTERING  EFFECTS  IN  AUSTPT1T1 

There  are  two  basic  steps  in  the  formation  of  pro-eutectoid  ferrite 
from  austenite  in  steels.  The  first  stsp  is  the  depletion  of  carbon  content 
in  a  region  to  a  concentration  corresponding  to  the  solubility  of  carbon  in 
alpha  iron.  The  seoond  step,  of  oourse,  is  the  transformation  of  iron  from 
the  face  centered  lattice  to  the  body  centered  lattice.  The  sequence  of 
steps  might  be  argued,  namely  that  the  transformation  precedes  the  partition¬ 
ing  of  oarbon.  However,  the  latter  eequence  le  not  likely  as  will  be  die- 
cussed  in  detail  in  fc}»e  seotlon  on  the  mechanism  of  transformation  of 
austenite  to  ferrite. 

Thus,  an  Important  step  in  the  formation  of  pro-euteotoid  ferrite  ie 
the  occurrence  of  embryo  of  austenite  with  very  low  carbon  eontents.  A 
s<  hematic  diagram  is  given  in  Figure  17  for  distributions  of  embryo  con¬ 
centrations  in  a  hypo-eutectoid  steel  for  the  cases  of  ideal  solution 
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behavior,  positive  deviation  from  R&crult  '§  lav,  and  for  negative  devia¬ 
tion  from  Raoult's  law.  The  diagram  is  a  method  of  illustrating  the 
concentration  fluctuations  in  austenite,  tor  the  case  of  the  ideal  solu¬ 
tion,  the  distribution  is  symmetrical  about  the  average  composition  ae 
the  central  value.  In  this  case,  the  probability  of  obtaining  compositions 
corresponding  to  either  ferrite  or  cementite  is  lov.  If  carbon  exhibits 
a  positive  deviation  in  austenite  (as  it  actually  does),  then  the  distri¬ 
bution  of  compositions  is  givun  by  Curve  Ho.  2.  low  the  probability  of 
obtaining  composition  of  clusters  corresponding  to  ferrite  ie  relatively 
high  and  that  for  cementite  is  lov.  If  a  negative  deviation  ie  exhibited, 
the  distribution  curve  is  shifted  to  higher  carbon  contents  increasing  the 
probability  of  nucleating  cementite  (Curve  Ho.  3).  In  a  hypo-eutectoid 
steel,  the  nucleation  of  cementite  leading  to  pearlite  formation  results 
from  a  continuous  enrichment  of  the  austenite  ahead  of  the  ferrite,  pushing 
the  distribution  curve  continuously  to  the  right  until  cementite  forms. 

reaction 

Thus  from  the  viewpoint  of  composition  requirements,  the  ferrite/ 
might  be  influenced  by  (a)  a  diminished,  rate  of  diffusion  cf  carbon,  and 
(b)  a  change  from  a  positive  deviation  from  Raoult'e  lav  of  carbon  in  aue- 
tenite  to  a  negative  deviation  (or  at  least  a  reduced  positive  deviation). 
Before  evaluating  these  two  possibilities,  it  is  necessary  to  examine  the 
properties  of  the  interstitial  holes  in  gamma  iron. 

Figure  18  illustrates  the  interstitial  holes  in  the  face  centered 
cubic  lattice  in  which  the  carbon  and  boron  atoms  are  located.  An  inter* 
stitial  hole  is  surrounded  by  six  nearest  neighbors  of  iron  atoms  at  a  dis¬ 
tance  of  0.5  a0  and  by  12  next  to  nearest  neighbors  of  interstitial  holds 
at  a  distance  of  0.707  a0.  Thus,  an  interstitial  atom  is  in  an  environment 
essentially  of  iron  because  of  the  geometry  of  the  lattice.  The  interaction 
energy  falls  off  as  l/rn  where  r  is  the  distance  and  n  is  a  number  from  6  - 
10.  Assuming  n*6,  the  interaction  between  an  interstitial  solute  atom  and 
a  nearest  neighbor  interstitial  atom  is  about  one  tenth  that  of  the  inter¬ 
action  with  iron.  The  argument  against  important  interaction  between  carbon 
and  boron  is  strengthened  if  one  considers  the  concentrations.  A  composi¬ 
tion  of  0.^056  C  and  O.OOI56  B  is  assumed  with  a  uniform  distribution  of  solute 
atoms.  The  mole  fractions  are  the  following: 

Hq  -  0.018317 

%  =  0.0000508 

Npc  =  0.98111 

Since  the  number  of  holes  per  lattice  is  the  same  as  the  number  of  iron 
atoms,  the  mole  fraction  of  the  holes  is  equal  to  the  mole  fraction  of  iron. 
At  this  concentration,  one  out  of  55  holes  is  filled  with  carbon  and  one 
out  of  19,300  holes  is  filled  with  boron.  Consider  next  a  given  carbon  atom. 
It  is  surrounded  by  six  nearest  neighbors  of  iron  and  twelve  next  to  nearest 
interstitial  holes.  The  probability  of  any  given  hole  being  filled  with 
horon  is  0.00005.  The  probability  that  this  carbon  atom  will  have  a  next  to 
nearest  boron  neighbor  is  0.0006,  or  six  chances  in  ten  thousand.  Thus, 
from  these  arguments  it  is  very  unlikely  that  there  is  any  important  chemical 
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Tigure  18.  Interstitial  Holes  In  face  Centered  Cubic  Lattice.  The  Nearest  neighbors  to  an 
Interstitial  Hole  are  Iron  Atone,  and  the  next  to  nearest  neighbors  are  Holes 
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interaction  between  carbon  and  boron  atoms  in  gamma  iron.  Each  would  be 
expected  to  behave  as  they  do  in  binary  solid  solutions  in  gamma  iron. 

Because  of  this  likely  lack  of  interaction  between  boron  and  carbon, 
it  is  presumed  that  boron  does  not  have  an  important  effect  on  the  diffuaiv- 
ity  of  carbon  in  austenite.  Molybdenum,  a  strung  carbide  former  but  a 
substitutional  alloying  element,  was  found  to  have  but  a  minor  effect  on 
diffusivity  of  carbon  compared  to  the  hardenability  effect.-'6  For  an  0.80#  C, 
0.80#  Mo  steel,  the  time  of  the  pearlite  formation  was  increased  by  a  factor 
of  28,000  as  compared  to  a  plain  carbon  Bteel  but  the  diffusivity  of  carbon 
was  decreased  by  a  factor  of  only  5.  Despite  these  arguments,  the  effect  of 
boron  on  the  diffusivity  of  carbon  in  austenite  probably  should  be  checked 
experimentally.  The  probability  of  boron  causing  carbon  to  show  a  negative 
deviation  in  solid  solution  can  be  considered  to  be  nil. 

Out  of  these  considerations  comes  the  question  as  to  what  effect  in¬ 
creasing  the  carbon  content  will  have  on  the  solubility  of  boron  in  gamma 
iron.  As  more  carbon  atom6  are  introduced  into  the  lattice,  more  strain 
energy  arises.  This  in  general  would  be  expected  to  reduce  the  ability  of 
boron  to  fit  into  the  interstitial  sites  and  thus  decrease  the  solubility. 

The  effect  of  carbon  content  on  the  solubility  of  boron  in  austenite  should 
be  checked.  If  such  an  effect  is  observed,  it  could  explain  in  part  the 
decreased  effectiveness  of  boron  with  increasing  carbon  content. 


J.  TRANSFORMATION  KINETICS  IN  A  B0E0N  STEEL 

Gudtsov  and  Nazarova®^  have  studied  in  detail  the  kinetics  of  decom¬ 
position  of  austenite  in  a  base  composition  steel  with  and  without  boron. 

The  steel  wae  a  manganese-silicon-chromium  steel  of  the  following  composition; 


c 

_Ma_ 

.  Sf 

JLL 

J- 

0.30 

1.20 

1.30 

1.30 

0.001? 

The  progress  of  isothermal  transformation  was  followed  by  magnetometric 
methods. 


The  fraction  transformed  is  plotted  against  the  logarithm  of  elapsed 
time  in  seconds  in  Figure  19  for  650*0  and  600eC  for  the  base  composition 
and  for  the  base  composition  wltn  0.0C17#  boron.  The  temperature  of  650*0 
corresponds  to  the  pearlite  knee  and  600*C  is  in  the  upper  b&inite  region. 

Both  curves  at  650°C  and  the  curve  for  the  boron  steel  at  600*0  are  typical 
sigmoid  curves  of  the  type  expected  for  isothermal  nucleatlon  and  growth 
reactions.  The  baee  composition  eteel  gives  &  highly  distorted  sigmoid  curve 
at  600*C.  Hone  of  the  four  curves  are  parallel  to  a  computed  curve  in  which 
the  rate  of  nucleation  and  the  rate  of  growth  remain  constant.  Thus,  it  it 
clear  that  either  or  both  of  these  factors  vary  during  the  transformation. 

At  both  temperatures,  it  is  apparent  that  boron  delays  the  initiation  of  the 
transformation,  but  has  little  effect  on  the  time  for  completion  of  the  trans¬ 
formation. 

The  basic  equation  for  an  isothermal  nucleation  and  growth  reaction 
is  given  by  Johnson  and  Mehl?0  as 
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figure  19.  Isothermal  Transformation  Kinetics  of  a  Mn-Cr-Si  Steel  with  and  without  Boron 
at  650°C  and  600°C 
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where 

f(t)  ■  fraction  traneforaed 

I  *  rat*  of  nucleation  expressed  as  number  of  nuclei 
per  unit  volume  of  untraneformed  aatrix  per  unit 
tiae 

G  -  rate  of  growth  of  a  nucleus  expressed  as  increase 
in  radius  per  unit  tiae 

t  -  elapsed  tiae. 

A  reaction  proceeds  by  nucleation  and  growth  if  a  thermodynamically  stable 
nucleus  forme  and  grows  by  diffusion  across  the  interface  formed  by  the 
stable  and  the  aetas^able  phase.  The  kinetics  of  such  reactions  is  com¬ 
plicated  by  Impingement  of  growing  nuclei. 

It  is  desirable  to  analyse  the  curves  of  figure  19  in  terms  of  H 
and  G.  A  simplifying  assumption  is  made  that  the  rate  of  growth  of  pe&rl- 
ite  remains  constant  in  an  isothermal  reaction.  This  assumption  is  har¬ 
monious  with  experimental  work  on  pearlite.9^  A  reasonable  value  of 
G  =  3  x  10**5ca/eec  was  selected  for  the  analysis.  Examination  of  Equation 
2  shows  that  in  order  to  determine  the  rate  of  nucleation,  a  trial  and  error 
method  would  be  required.  Also  since  G  was  assuaed  constant,  then  V  must 
vary  with  time  and  a  form  of  Equation  2  must  be  used  in  whioh  a  variation 
in  H  is  provided.  In  order  to  circumvent  such  a  laborious  procedure,  Johnson^2 
has  suggested  a  rapid  method  to  obtain  an  equation  for  the  change  of  K  with 
time.  He  selects  the  following  form  to  express  the  change  of  S  with  time: 

H  =  lo  t1  (3) 

where 


t  3  elapsed  time 

Ho.x  are  constants  for  a  particular  reaction 
temperature 


Assuming  a  constant  G  and  introducing  Equation  3  into  Equation  2,  the 
general  nucleation  equation  becomes 


/-  ext 


err&M,  1 

(X  H)  (X  +2)  (X  +3)(X  *4)  J 


(4) 


Transposing  and  taking  logarithms  twice  yields 


/o9  ,n  [  7^/vr]  =  /o9 


87T63No 

(X  +l)(X+Z)(X+3)(X+4) 

+  (4+X)fa$t 


(5) 
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▲  straight  lint  results  if  the  logarithm  of  th*  natural  logarithm  of  ru j 

la  plottai  against  tha  logarithm  of  time.  The  slope  of  thli  lino  la 
(4  +  x) .  The  value  of  Vo  la  ebtalned  froa  tho  latoral  dlaplaoaaioat  of  tho 
lino.  Thu  a  Iquation  3  oan  ho  evaluated. 

Such  plot  a  of  tho  data  for  650*0  azul  600*0  toaporaturoa  aro  pre- 
aontod  iu  Figure  20.  At  650*0,  tho  atool  without  boron  interestingly 
a  ho  v§  two  straight  llaet sections .  At  thia  temperature,  tho  data  for  tho 
boron  containing  atool  yield  but  ono  atraight  lino.  However,  at  600CC 
in  the  upper  bainite  region,  one  atraight  lino  it  obtained  for  both  ateola; 
the  line  for  tho  boron  free  atool  ia  nearly  parallel  to  tho  initial  portion 
of  the  saao  atool  at  650*C,  whoreaa  tho  lino  for  the  boron  atool  at  600*C 
la  aore  nearly  parallel  to  tho  aocond  port  of  tho  curve. 

The  above  analyaia  for  Vo  and  x  waa  applied  to  tho  data  for  650*C. 

It  ie  of  intereat  that  x  ha  a  a  negative  value  for  the  initial  line  for  tho 
boron  free  ateel.  Thia  la  interpreted  aa  a  breakdown  of  tho  analyaia  of 
the  initial  atago  of  transformation  in  teraa  of  nucleation  and  growth  of 
impinging  sphere*.  A  negative  value  of  x  gives  a  continuously  docreaaing 
V,  contrary  to  all  data  on  previous  measurements  for  decomposition  of  aus¬ 
tenite  which  show  either  oonstant  K  or  increasing  V  with  tlae.  Since  thia 
is  a  0.30$  carbon  steal,  tha  initial  part  of  the  curve  very  llkaly  describes 
the  progress  of  tho  foraatlon  of  pro-euteotoid  ferrite.  The  second  part  of 
the  curve  then  describes  the  foraatlon  of  pearlite.  Consequently,  boron 
at  this  temperature  essentially  coaplotely  suppresses  the  foraatlon  of  pro- 
eutectoid  ferrite  since  only  one  straight  line  is  obtained.  The  equations 
for  rate  of  nucleation  of  pearlite  as  a  function  of  time  ie 

H  =*  0.067  t°‘lk  (6) 

for  the  boron  free  curve,  and 

V  =  6.489  V3’31  (7) 

for  the  boron  containing  steel.  These  curves  are  plotted  in  figure  21. 

Thus,  the  rate  of  nucleation  of  pearlite  ie  accelerated  in  the  boron  steel, 
accounting  for  the  coap&rable  times  for  completion  of  the  transformation 
despite  the  delay  in  the  start  of  transformation  caused  by  boron.  Boron 
thus  hflB  a  potent  effect  in  suppressing  the  formation  of  ferrite.  This  in 
turn  euppressee  the  formation  of  pearlite  since  it  does  not  enrich  the 
auBtenite  in  carbon  ahead  of  the  farrite  phase,  making  the  probability  of 
nucleating  Fe^C  small.  Once  started,  the  pearlite  formation  is  actually 
faster  in  the  boron  steel,  perhape  because  of  the  increased  incubation  per¬ 
iod.  At  the  nose  of  the  curve,  boron  serves  only  to  suppress  the  formation 
of  ferrite. 

At  600°C,  the  curve  for  the  boron  free  Bteel  also  gives  a  negative 
value  for  x.  By  similar  reasoning,  the  formation  of  upper  bainite  in  terms 
of  nucleation  and  growth  breaks  down.  However,  the  curve  for  the  boron 
containing  steel  at  60C*C  yields  a  positive  value  of  x  and  can  be  analyzed 
in  teraB  of  nucleation  and  growth.  It  is  evident  that  boron  causes  a 
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considerable  delay  in  the  start  of  the  transformation.  It  must  be  con¬ 
cluded  that  boron  has  a  potent  effect  in  suppressing  the  foraation  of 
upper  balnite.  Furthermore,  the  effect  at  this  temperature  le  such  that 
the  mode  of  traneforaatlon  is  apparently  changed  completely  from  upper 
balnite  foraation  to  pearllte  foraation.  Since  no  microstructures  were 
available,  this  tentative  conclusion  is  based  entirely  on  kinetics.  In¬ 
terestingly,  it  is  only  in  this  region  that  boron  has  an  appreciable  effect 
on  the  time  for  completion  of  transformation.  Simply  as  c.  prediction,  it 
is  proposed  that  thie  effect  on  time  for  completion  of  transformation  arises 
from  ths  suppression  of  the  upper  balnite  formation  in  faror  of  transfor¬ 
mation  to  pearllte. 

To  summarize,  boron  in  potent  in  ite  suppression  of  both  pro- 
outectold  ferrite  and  upper  balnite.  It  doeB  not  slow  down  the  formation 
of  pearllte.  The  concept  of  the  breakdown  of  the  analysis  of  the  trans¬ 
formation  to  pro-eutectoid  fsrrite  and  to  upper  balnite  in  terms  of  nucle- 
atlon  and  growth  is  of  fundamental  importance.  There  are  at  least  two 
arguments  applicable  to  this  behavior.  The  first  states  that  the  analysis 
breaks  down  simply  because  of  a  change  in  morphology.  Since  650#C  corres¬ 
ponds  to  the  nose  of  the  diagram,  the  pro-eutectoid  ferrite  may  be  the 
Widmanstatten  type  and  fails  to  fit  K  and  0  analysis  because  of  its  acicu- 
lar  form.  Upper  balnite  is  definitely  acicular  in  form.  The  second 
argument  deals  with  two  different  fundamental  processes,  namely  (a)  nucie- 
ation  and  growth,  and  (b)  nucleation  and  shear.  In  this  concept,  the  N 
and  G  analysis  of  pro-eutectoid  ferrite  and  balnite  formation  fails  because 
these  products  form  by  the  fundamentally  different  process  of  nucleation 
and  shear.  In  thie  process,  the  kinetics  of  transformation  depends  on  the 
rate  of  nucleation.  The  second  argument  is  preferred  as  will  be  discussed 
in  a  later  section. 

K.  HARDENAB IL ITY  MECHANISMS  OF  ALLOYING  ELEMENTS 

From  the  previous  discussions,  boron  acts  fundamentally  in  suppress¬ 
ing  the  transformation  of  austenite  to  pro-eutectoid  ferrite  and  upper 
bainite.  It  is  in  order  now  to  discuss  the  current  state  of  knowledge  con¬ 
cerning  the  actual  mechanisms  by  which  alloying  elements  contribute  to  the 
hardenab i 1 i ty  of  heat  treated  steels. 

A  study  of  the  literature  leads  to  the  conclusion  that  these  basic 
mechanisms  have  been  only  partially  clarified.  It  ie  generally  agreed  that 
pearllte  1b  nucleated  by  cementlte  and  bainite  by  ferrite.  The  formation 
of  pro-outectold  ferrite,  pearllte  and  bainite  are  treated  as  nucleation 
and  growth  processes , whereas  the  martensite  formation  is  treated  as  a 
nucleation  and  shear  process. 9**  Most  of  the  previous  quantitative  work  on 
transformations  has  consisted  of  the  measurements  of  the  rates  of  nuclea¬ 
tion  and  growth  of  pearllte  as  a  function  of  temperature.  Such  work  can 
evaluate  the  effect  of  an  alloying  element  on  the  rate  of  nucleation  and 
rate  of  growth,  but  contributes  only  in  an  indirect  manner  to  the  knowledge 
of  the  basic  mechanisms, 

A  significant  advance  of  the  knowledge  of  these  basic  mecnanisms 
was  made  by  the  Climax  Molybdenum  Research  Laboratory  on  the  alloying 
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element  molybdenum. 95 .96*97,98,99  Molybdenum  is  of  particular  Interest 
in  that  it  has  considerable  effect  of  retarding  both  ferrite  and  pearlite 
and  it  affects  the  upper  part  of  the  transf oraation  diagram  very  much 
more  than  the  lower  part. 


The  pearlite  reaction  ie  considered  first.  Since  the  rate  of 
growth  of  pearlite  is  mainly  a  function  of  the  rate  of  diffusion  of  car¬ 
bon  in  austenite,  it  is  logical  first  to  ask  if  molybdenum  acts  to  slow 
down  the  diffusion  of  carbon,  particularly  since  it  is  a  strong  carbide 
former.  It  was  found  that  at  high  temperatures,  molybdenum  accelerated 
diffusion  of  carbon,  at  intermediate  temperatures  it  had.  no  measurable 
effect,  and  at  lower  temperatures  it  decreased  it  somewhat.  In  the  0.80^ 
Mo,  0.85/6  C  steel  studied,  the  maximum  effect  of  molybdemim  occurs  at 
566°C.  At  this  temperature  the  time  of  comnletion  of  transformation  is 
increased  28,000  fold  as  compared  to  the  plain  carbon  steel.  However,  the 
diffusivity  of  carbon  is  diminished  only  about  5  fold  by  the  molybdenum. 
Thus  the  effect  of  molybdenum  on  the  diffusivity  of  carbon  is  essentially 
a  negligible  factor.  It  was  found,  however,  that  molybdenum  partitions 
to  the  carbide  phase  in  pearlite  In  increasing  amounts  as  the  molybdenum 
content  is  increased.  Up  to  about  0.50^6  Mo  the  carbide  retains  the  ce- 
mentite  structure;  above  this  amount  the  cubic  (re.MoJ^oC^  carbide  phase 
forms  in  the  pearlite.  Since  the  diffusivity  of  molybdenum  in  austenite 
is  low  (10”^*  cm*"  per  sec),  the  pearlite  nardenability  effect  then  is  due 
to  the  slow  diffusion  of  molybdenum  in  austenite  to  the  advancing  carbide 
plates.  Hultgren^°®  has  reported  a  similar  partitioning  of  manganese  to 
the  carbide  phase  in  pearlite.  Thus  as  a  principle,  an  alloying  element 
would  be  expected  to  retard  pearlite  formation  if  it  is  a  carbide  former 
which  partitions  to  the  carbide  and  which  has  a  low  order  of  diffusivity  in 
austenite. 


The  possibility  of  partitioning  of  molybdenum  in  ferrite  was  also 
investigated.  It  was  found  that  the  time  for  start  of  the  transformation 
to  pro-eutoctoid  ferrite  increases  as  the  molybdenum  content  increases. 

Thus,  for  a  hypoeutectoid  steel  containing  0.94/6  Mo,  the  time  for  start 
of  transformation  at  705*C  is  about  5  times  the  start  time  of  the  same 
base  alloy  with  0.2 Wjo  Mo;  the  start  time  for  ferrite  is  delayed  in  direct 
proportion  to  the  molybdenum  content.  It  was  further  found  that  the  molyb¬ 
denum  content  of  the  ferrite  was  exactly  that  of  the  austenite  and  no 
partitioning  effects  occurred  in  the  formation  of  ferrite.  Thus  the  molyb¬ 
denum  effect  on  ferrite  formation  is  a  solid  solution  effect.  In  connection 
with  the  lack  of  partitioning  of  molybdenum,  it  is  interesting  to  note  that 
molybdenum  is  more  soluble  in  alpha  iron  than  in  gamma  iron  and  arguing 


XADC  TE  52-140 


-  28  - 


from  the  solubility  viewpoint  there  ia  no  ne-’d  for  molybdenum  to  par¬ 
tition  in  forming  proeutectoid  ferrite.  The  maximum  solubility  of 
carbon  in  ferrite  is  0.019/».  On  this  basis  it  would  be  argued  that 
carbon  must  partition  essentially  completely  to  tne  austenite  in  forming 
ferrite.  This  is  in  fact  the  observed  behavior.  The  degree  of  par¬ 
titioning  is  less  in  upper  bainite  and  nil  in  lower  bainite  and  marten- 
sit-  From  tnis  argument  a  tentative  principle  for  partitioning  in 
ferrite  formation  can  be  stated:  it  is  expected  that  an  element  in 
solid  solution  in  austenite  enould  partition  to  the  austenite  during 
ferrite  formation  to  the  extent  of  its  solubility  In  alpha  iron. 

Bowman^  offers  tne  following  possibilities  of  explaining  the 
effect  of  molybdenum  on  ferrite  formation: 

(1)  Direct  effect  of  molybdenum  on  tne  diffusion  of  carbon  is 
small . 

(2)  May  affect  the  carbon  gradient  at  the  ferrite-austenite 
interface. 

(3)  May  reduce  the  solubility  of  carbon  in  ferrite,  thus 
causing  more  carbon  to  diffuse  to  form  ferrite. 

(4)  Molybdenum  may  slow  down  the  basic  gamma-alpha  trans¬ 
formation  in  iron. 

Based  on  arguments  presented  in  the  next  section,  the  writers  pre¬ 
fer  the  last  possibility  as  the  explanation,  namely  the  effect  of  molyb¬ 
denum  in  solid  solution  on  the  basic  gamma-alpha  transformation  in  iron. 


L.  THE  MECHANISM  OF  THE  TEAS SFOHMAT ION  OF  AUSTEN ITF  TO  FEHRITl! 

From  the  preceding  sections,  it  is  evident  that  the  effect  of 
boron  in  increasing  the  hardenability  of  steels  arises  from  its  effect  in 
suppressing  the  formation  of  pro-eutectoid  ferrite.  It  is  important  next 
to  consider  the  mechanism  of  formation  of  ferrite. 

As  previously  stated,  the  formation  of  pro-eutectoid  ferrite  is 
generally  considered  to  proceed  by  nucleation  and  growth.  Thermodynam¬ 
ically  stable  nuclei  of  ferrite  are  formed  which  then  grow  by  diffusion 
of  iron  atoms  across  the  austenite-ferrite  interface.  Since  ferrite  forms 
isothermally ,  then  it  follows  that  ferrite  must  be  nucleated  by  thermal 
nucleation  (nuclei  which  come  into  being  with  time  at  the  reaction  tem¬ 
perature)  .  The  sequence  of  events  in  the  formation  of  ferrite  is  not 
clear.  Obviously  two  steps  are  required:  (a)  the  carbon  content  must  be 
reduced  to  very  low  values  in  the  vicinity  of  the  nucleus,  and  (b)  face 
centered  iron  must  transform  to  body  centered  iron.  It  can  be  argued  that 
(a)  precedes  (b) ,  or  conversely  that  (b)  precedes  (a).  In  the  latter  case, 
the  transformation  must  occur  with  the  carbon  in  solid  solution,  which 
then  diffuses  to  the  austenite  through  the  body  centered  lattice.  However, 
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in  this  c*se  it  is  most  likely  that  the  excess  carbon  would  precipitate 
as  the  carbide  in  t!  )  ferrite  instead  of  diffusing  to  the  austenite.  This 
is  not  the  observed  behavior;  ferrite  is  essentially  free  of  carbide  par¬ 
ticles.  Thus,  one  is  forced  to  conclude  that  the  carbon  diffuses  away 
before  the  transformation  occurs.  However,  the  upper  bainite  reaction 
occurs  with  only  a  part  of  the  carbon  diffused  away  and  martensite  forms 
with  all  of  the  carbon  in  solid  solution. 

This  leaves  the  more  important  question  as  to  the  basic  mechanism 
of  the  transformation  from  face  centered  to  body  centered  iron.  If  we  ac¬ 
cept  the  mechanism  of  nucleation  and  growth,  then  ferrite  nuclei  form  and 
grow  by  diffusion  of  iron  atoms  across  tha  interfaca.  The  diffusion  of 
iron  is  relatively  slow,  an  order  of  magnitude  of  10“^-3  cm^/sec  at  the  Ae<j 
temperature  and  decreases  rapidly  with  temperature.  To  explain  the  observed 
maximum  in  the  rate  of  ferrite  formation,  one  must  argue  entirely  on  a  max¬ 
imum  in  the  rate  of  nucleation. 

Hultgren100  proposes  a  somewhat  different  explanation  for  th-  for¬ 
mation  of  ferrite.  In  pure  iron  he  proposes  the  existence  of  embryo  of 
alpha  iron  which  form  by  statistical  fluctuations  both  above  and  below  the 
equilibrium  temperature.  In  the  gamma  iron  region,  there  is  no  stable  eize 
for  alpha  iron  nuclei.  Below  the  transformation  temperature,  the  embryo 
can  grow  to  stable  size  and  become  nuclei  which  continue  to  grow  by  diffu¬ 
sion.  When  gamma  iron  contains  carbon  in  solid  solution,  he  resolves  the 
difficulty  of  the  concentration  requirement  for  ferrite  also  through  sta¬ 
tistical  fluctuations  in  the  carbon  content.  It  would  seem,  however,  that 
the  probability  of  simultaneous  occurrence  of  the  two  events  in  a  given 
embryo  would  be  extremely  low. 

There  are  serious  objections  to  the  concept  of  ferrite  formation 
from  austenite  as  a  process  of  nucleation  and  growth.  The  major  objections 
will  be  discussed  under  three  general  topics :  (a)  orientation  relation¬ 

ships,  (b)  kinetics  of  the  reaction,  (c)  reversibility  of  the  reaction. 

1.  Orientation  Relationship! 

Mehl  and  Smith101'  found  a  lattice  orientation  relationship  in 
ferrite  formed  from  gamma  iron  in  pure  iron.  This  is  the  Kurdjumov  and 
Sachs  relationship,  namely  r  , 

{///},  //{H O /* 

£/?  0]y  //  PMjil 

It  is  of  Interest  to  note  that  gamma  iron  cannot  be  retained  even  by  the 
most  drastic  quenching.  This  fact  is  difficult  to  rationalise  on  the  basis 
of  nucleation  and  growth  since  after  passing  through  the  temperature  range 
of  the  maximum  rate  of  nucleation,  the  rate  of  nucleation  continuously 
decreases  as  does  the  rate  of  growth.  The  same  lattice  orientation  rela¬ 
tionship  was  found  for  pro-eutectoid  ferrite,  02  Bainite  was  found  to 
obey  either  the  lurdjumow  and  Sachs  relationship  or  the  Nishiyama  relation¬ 
ship1'3  which  is 

{///),  //  {"°U 
LzuJr  //  ["°1* 
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Martensite  la  found  to  obey  either  of  the  two  relationships  ds/pendiag  upon 
the  t/pe  of  alloy  studied.  Thus  the  body  centered  decomposition  products 
pro-eutectold  ferrite,  bainlte,  and  aartenslte  all  exhibit  a  definite  orien¬ 
tation  relationship  with  the  austenite  froa  which  they  form.  Martensite  Is 
considered  here  as  a  ferrite  structure  which  is  distorted  by  the  carbon  in 
solid  solution. 

The  presence  of  these  orientation  relationships  is  difficult  to  rec¬ 
oncile  using  the  nucleation  and  growth  nechanisa.  The  nucleation  theory 
imposes  no  orientation  requirements  on  the  eabryo  which  eventually  grow  into 
stable  nuclei.  These  embryo  are  conceived  as  either  springing  into  being 
(as  in  gases),  or  attain  a  certain  site  by  atoa  to  atom  additions.  Ho  sound 
argument  appears  in  the  literature  to  explain  the  lattice  relationships  ob¬ 
served  for  ferrite  or  the  other  products  in  terms  of  nucleation  and  growth. 

2,  Ilnetics  of  ferrite  Tormation 

Surprisingly  little  quantitative  data  on  the  kinetics  of  foraation 
of  pro-eutectoid  ferrite  can  be  found  in  the  literature.  Most  of  the  quan¬ 
titative  work  on  the  decomposition  of  austenite  Las  been  done  on  the  foraation 
of  pearlite.  It  may  be  presumed  that  in  part  the  argument  for  ferrite  form¬ 
ing  as  a  nucleation  and  growth  process  arises  from  the  nature  of  the  aarten- 
sitic  transformation.  Martensite  formation  in  heat  treatable  steels  is 
essentially  time  independent  and  proceeds  by  a  shear  mechanism.  Therefore 
any  other  decomposition  that  proceeds  isothermally  with  time  can  be  looked 
upon  as  proceeding  by  nucleation  and  growth.  It  will  be  later  demonstrated 
that  kinetics  is  not  a  reliable  criterion  for  a  martensitic  or  shear  trans¬ 
formation. 

Quantitative  measurements  on  the  rate  of  ferrite  formation  in  hypo- 
eutectoid  steels  were  made  by  McBride,  Herty,  and  Mehl.^O^  The  study  was 
concerned  witn  the  effect  of  silicon  deoxidation  and  aluminum  deoxidation 
on  the  rate  of  ferrite  formation.  Twelve  plain  carbon  steels  were  studied 
covering  a  range  of  carbon  of  0.33  -  0-50  per  cent.  The  data  were  with  some 
exceptions  analyzed  satisfactorily  in  terms  of  a  first  order  reaction  which 
states  that  the  rate  of  reaction  is  proportional  to  the  amount  of  reactant 
(austenite)  remaining.  Tne  equation  U9ed  is 

dP/dt  =  K(1  -  P)  (8) 

or 

In  1 / ( 1— F)  =  £t  (9) 


where 


F  =  amount  of  ferrite 
t  =  elapsed  time 

(l-F)  =  fraction  of  austenite  remaining. 
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Tins ,  the  basic  relationship  la  apparently  ^ulto  different  from  that  for 
nucleation  and.  growth.  The  form  of  the  curves  obtained  are  illustrated  in 
the  top  diagram  of  figure  22.  The  curves  are  not  the  sigmoid  type  charac¬ 
teristic  of  nucleation  and  growth  processes.  The  flat  initial  part  of  the 
crurve  arises  from  the  uncertainty  of  zero  time  at  the  reaction  temperature. 

The  difference  in  grain  else  was  taken  into  account  by  dividing  the 
rate  constant  X  by  the  grain  surface  per  unit  volume  S.  The  logarithm  of 
K/S  is  plotted  against  the  reciprocal  of  the  absolute  temperature  in  figure 
23  for  a  silicon  killed  steel  and  on  aluainua  killed  steel.  It  will  be  noted 
that  the  rate  of  ferrite  formation  increases  with  decreasing  rsactlon  temper¬ 
ature.  Also,  even  with  the  grain  sice  taken  into  account,  the  ferrite  forms 
more  slowly  in  the  silicon  treated  steel,  Vo  explanation  of  this  effect  was 
attempted  in  the  paper.  It  is  suggested  here  that  nitrogen  in  solid  solu¬ 
tion  is  effective  in  restraining  the  formation  of  ferrite  froa  austenite. 

In  the  silicon  steel,  it  would  be  expected  that  nitrogen  would  be  essentially 
in  solid  solution  in  austenite.  Aluminum,  on  the  other  hand,  is  a  strong 
nitride  former  and  in  aluminum  deoxidized  steels  the  nitrogen  would  be  mainly 
tied  up  as  aluminum  nitride. 

In  figure  23,  along  with  the  X/S  values  sure  plotted  the  rates  of  dif¬ 
fusion  of  carbon  in  alpha  and  gamma  iron,  and  the  rate  of  self -diffusion  of 
gamma  iron.  It  will  be  noted  that  ae  the  reaction  temperature  is  decreased 
the  rate  of  formation  of  ferrite  increases,  but  the  rate  of  diffusion  of  car¬ 
bon  in  gamma  iron  decreases.  Thus,  in  the  formation  of  ferrite  from  austenite, 
the  diffusion  of  carbon  in  austenite  is  not  the  rate  controlling  factor.  It 
still  may  be  argued  from  nucleation  and  growth  that  the  increasing  rate  of 
ferrite  formation  results  from  an  increasing  rate  of  nucleation.  However, 
the  rate  of  growth  which  would  depend  on  diffusion  of  iron  would  be  very  slow. 
It  should  be  pointed  out  that  X/S  cannot  be  directly  compared  with  self- 
diffusion  rates  of  gamma  iron. 

Kulin  and  Speich^^  have  made  a  significant  contribution  to  the  under¬ 
standing  of  the  martensitic  or  6hear  transformation.  They  studied  the  marten¬ 
site  formation  in  an  essentially  carbon  free  iron — 1  Ufa  chromium— nickel 
alloy  at  reduced  temperatures.  It  was  found  that  martensite  readily  forms 
isothermally ,  in  contrast  with  the  previous  concept  of  a  temperature  dependent 
reaction.  Isothermal  martensite  formation  has  been  reported  by  other  investi¬ 
gators.  Typical  curves  for  the  isothermal  formation  of  martensite  are  pre¬ 
sented  in  the  bottom  diagram  of  Figure  22.  The  similarity  of  curves  for 
isothermal  martensite  formation  and  isothermal  ferrite  formation  is  striking. 
Both  are  distinctly  different  from  sigmoid  curves  typical  of  nucleation  and 
growth  processes. 

The  logarithm  of  ln(  1*  plotted  against  the  logarithm  of 

time  for  the  various  ferritic  reaction  products  in  Figure  24.  This  is  the 
type  of  plot  previously  used  to  analyze  the  rate  of  nucleation  in  a  nuclea¬ 
tion  and  growth  reaction.  The  data  for  ferrite  at  the  knee  and  upper  bainite 
are  those  of  Gudtsor  and  Nazarov,  ^  the  data  for  pro-eutectoid  ferrite  be¬ 
tween  Ae-j  and  Ae-^  are  after  McBride,  Herty,  and  Mahl,-'-^*'  and  martensite  from 
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Figure  24.  Analysis  of  Kinetics  of  Isothermal  Formation  of  Pro-Eutectoid 
Ferrite,  Upper  Bainite,  and.  Martensite 
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KUm  and  Speich.10^  It  will  be  recalled  that  analysis  in  terms  of  nucleation 
and  growth  broke  down  for  ferrite  at  the  knee  and  for  upper  bainite.  Such 
is  also  the  case  for  pro-eutectoid  ferrite  between  Ae*  and  Ae^  and  for  aarten- 
eite.  It  is  postulated  here  that  all  these  reactions'proceed  by  nucleation 
and  shear,  from  these  plots,  it  is  evident  that  the  rate  of  shear  nucleation 
goes  through  a  maximum  with  decreasing  reaction  temperature. 

The  observation  of  isothezmal  martensite  formation  is  of  fundamental 
importance.  The  previous  concept  of  time  Independence  as  a  necessary  criter¬ 
ion  for  the  martensitic  reaction  is  not  valid,  since  shear  transformation  can 
proceed  with  time  at  a  constant  temperature.  It  is  believed  that  isothermal 
martensite  formation  proceeds  with  difficulty  in  heat  treatable  steels  because 
of  the  comparatively  large  amount  of  carbon  in  solid  solution  in  austenite 
which  suppresses  the  shear  into  martensite.  Steels  containing  up  to  0.6  per 
cent  carbon  have  been  made  to  transform  isothermally  to  martensite  at  suffi¬ 
ciently  low  temperatures.  Thus,  a jaaxtensitic  transformation  must  be  estab¬ 
lished  on  the  basis  of  the  mechanism  (absence  of  diffusion  in  the  common 
sense)  and  on  the  reversibility  of  the  transformation. 

3.  Beverslbility  of  the  Ferrite  Transformation 

Hehrenberg  ' has  made  a  valuable  contribution  to  the  establishment 
of  the  reversibility  of  the  ferrite  reaction  in  steels.  He  found  that  the 
shape  of  the  austenite  formed  just  over  the  Ae*  temperature  is  entirely  de¬ 
pendent  upon  the  shape  of  the  ferrite  from  which  it  is  formed,  A  martensitic 
steel  has  an  aclcular  ferrite  matrix  and  accordingly  the  austenite  formed  is 
acicular.  Likewise,  a  steel  transformed  in  the  pearlite  range  has  an  equi- 
axed  ferrite  matrix  which  subsequently  forms  equi-axed  austenite.  It  was 
observed  that  the  transformation  does  not  cross  over  into  an  adjoining  grain. 
Thus,  it  is  a  transformation  lA  llW-  Such  behavior  seemingly  can  be  ex¬ 
plained  only  in  terms  of  a  fundamental  shear  mechanise  of  transformation. 

This  work  also  demonstrates  the  reversibility  of  the  martensite  reaction, 
despite  the  fact  that  the  excess  carbon  is  precipitated  as  a  carbide  on  re¬ 
heating  to  the  austenite  range. 

from  the  above  arguments,  one  is  forced  to  conclude  that  ferrite  is 
formed  by  a  shear  mechanism,  as  are  bainite  and  aartenBite.  Pearlite  is  tha 
only  decomposition  product  that  forms  by  nucleation  and  growth.  An  impedi¬ 
ment  to  the  acceptance  of  ferrite  formation  aB  a  shear  transformation  is  the 
variety  of  morphological  shapes  that  it  forms.  However,  it  is  expected  as 
will  be  discussed  that  because  of  increased  atomic  thermal  vibrations  with 
increasing  temperature,  the  length  of  the  individual  shear  will  become  short¬ 
er.  At  the  lower  limit,  martensite  shears  completely  across  the  grain.  These 
short  shear  paths  can  lead  to  a  variety  of  shapes.  lurdjumow10'  has  present¬ 
ed  a  strong  argument  for  various  morphologies  being  formed  by  shear  transform¬ 
ations.  It  is  significant  in  this  connection  that  ferrite  usually  doeB  not 
form  a  spherical  3hape  as  might  be  expected  for  the  growth  of  a  nucleus.  Also, 
in  the  interpretation  of  the  kinetics  of  ferrite  formation  in  terms  of  a  first 
order  reaction,  the  fraction  of  austenite  remaining  is  also  roughly  propor¬ 
tional  to  the  amount  of  austenite-ferrite  interface  for  a  spherical  grain. 

One  would  expect  a  shear  to  initiate  more  easily  at  an  interface  because  of 
the  presence  of  excess  strain  energy. 
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It  would  appear  that  most  of  the  fundamental  transformations  in 
metals  should  proceed  by  shear.  A  tentative  principle  might  be  stated 
that  a  transformation  is  expected  to  proceed  by  shear  except  if  (a)  the 
new  lattice  is  considerably  different  in  symmetry,  and  (b)  the  new  phase 
has  a  significantly  different  composition. 


M,  THE  BOHON  EARDEU ABILITY  SEVflCT 

In  formulating  a.  working  hypothesis  for  the  mechanism  for  the 
boron  hardenability  effect,  two  factors  stand  out  as  being  basically  im¬ 
portant.  These  are  that  boron  acts  principally  in  suppressing  the  forma¬ 
tion  of  ferrite  and  upper  bainite  and  that  the  fundamental  mechanism  is 
a  shear  mechanism.  It  follows  then  that  the  boron  effect  is  a  solid  solu¬ 
tion  effect  arising  from  exceptionally  high  strain  energy  peaks  in  the 
vicinity  of  the  boron  atoms.  In  general,  introducing  an  interstitial  solute 
atom  into  the  iron  lattice  introduces  strain  energy  the  magnitude  of  which 
is  proportional  to  the  difference  in  the  size  of  the  solute  atom  and  the 
size  of  the  interstitial  hole.  It  is  postulated  that  these  localized  energy 
peaks  increase  the  resistance  to  the  fundamental  snear  mechanism. 

In  this  connection,  it  is  interesting  to  estimate  the  expected  rela¬ 
tive  effects  on  ferrite  formation  of  the  interstitial  oolute  atoms  carbon, 
nitrogen,  and  boron.  These  calculations  are  based  entirely  on  the  solubil¬ 
ity  of  these  elements  in  gamma  and  alpha  iron.  The  magnitude  of  the  strain 
energy  effect  is  taken  as  being  inversely  proportional  to  the  solubility. 

This  of  course  assumes  that  the  solubility  limit  depends  entirely  on  the 
strain  energy  effect.  The  maximum  solid  solubilities  in  atomic  per  cent  of 
carbon,  nitrogen,  and  boron  in  alpha  and  gamma  iron  are  listed  in  Table  IV. 

The  strain  energy  factor  in  column  C  is  based  on  the  solubilities  in  gamma 
iron.  Since  nitrogen  is  most  soluble,  it  is  given  a  factor  of  one.  The  fac¬ 
tors  for  carbon  and  boron  are  calculated  by  dividing  their  respective  solu¬ 
bilities  into  that  of  nitrogen.  The  next  problem  is  the  amount  of  these 
elements  present  when  gamma  iron  transforms  to  alpha  iron,  that  is,  the  degree 
of  partitioning  in  the  formation  of  ferrite.  The  beBt  assumption  appeared 
to  be  that  these  elements  partition  to  the  extent  of  their  maximum  solubili¬ 
ties  in  alpha  iron.  Therefore,  the  effectiveness  factor  was  calculated  by 
multiplying  column  A  by  column  C.  The  results  indicate  that  carbon  is  least 
effective  in  suppressing  ferrite  formation.  Hitrogen  is  four  times  as  ef¬ 
fective  and  boron  is  forty-three  times  mors  effective  than  carbon! 

Corroboration  of  the  greater  effectiveness  of  nitrogen  as  compared 
to  carbon  is  found  in  the  work  of  Bose  and  Hawkes*°8  on  the  kinetics  of  the 
eutectold  decomposition  in  the  iron-nitrogen  system.  At  the  nose  of  the 
curve,  the  eutectold  composition  (2.35^  V)  started  to  form  a  pearlite  struc¬ 
ture  after  15  seconds.  This  is  compared  to  about  one  second  for  eutectold 
steel.  Interestingly,  the  hypo-eutectoid  compositions  did  not  form  ferrite 
but  transformed  directly  to  pearlite.  Thie  behavior  substantiates  the  con¬ 
cept  of  nitrogen  as  an  effective  agent  in  suppressing  the  formation  of  ferrite 
It  was  previously  pointed  out  that  nitrogen  in  solid  solution  is  the  probable 
explanation  of  the  difference  in  rate  of  ferrite  formation  in  silicon  deoxi¬ 
dised  steels  and  aluminum  deoxidised  steels. 
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The  role  of  the  extent  of  partitioning  In  determining  the  degree 
of  effectiveness  of  an  element  in  euppreseing  ferrite  formation  is  impor¬ 
tant.  If  the  solubility  of  an  element  is  greater  in  gamma  iron  than  in 
alpha  iron,  then  partitioning  of  the  atom  will  occur  in  forming  ferrite  to 
the  extent  of  its  solubility  in  alpha  iron  and  a  maximum  effect  will  be 
observed  beyond  which  concentration  no  further  effect  will  be  realized. 

Thus,  an  optimum  concentration  of  boron  is  observed  for  maximum  hardenabil- 
ity  which  depends  upon  the  solubility  of  boron  in  alpha  iron  at  a  reaction 
temperature  corresponding  to  the  nose  of  the  curve.  This  principle  follows 
also  for  carbon.  In  comparing  SAX  1019  steel  (O.l?  C,  0.92  Mn)  with  SAX 
1050  steel  (0.50  C,  0.91  Mn),°9  the  time  for  start  of  formation  of  pro- 
cutectoid  ferrite  200#F  below  the  Ae..  temperatures  is  two  seconds  for  both 
steels.  Thus,  the  effectiveness  of  Carbon  is  restricted  by  its  low  solu¬ 
bility  in  alpha  iron  and  the  high  degree  of  partitioning  in  ferrite  forma¬ 
tion.  In  the  opposite  case  in  which  the  solute  is  more  soluble  in  alpha 
iron  than  in  gamma  iron,  no  partitioning  in  ferrite  formation  is  expected 
and  the  effect  on  ferrite  forma'  on  should  be  proportional  to  the  concentra¬ 
tion.  Molybdenum  is  a  good  example  of  this  type  of  solute  atom.  The  maxi¬ 
mum  solubility  of  molybdenum  in  gemma  iron  is  Jja  by  weight  and  1.77  atomic 
per  cent.  Referring  to  Table  IV  this  gives  molybdenum  a  strain  energy 
factor  of  5.9  which  places  it  between  nitrogen  and  boron  in  the  degree  of 
straining  of  gamma  iron.  Since  the  solubility  of  molybdenum  in  alpbA  Iron 
is  large,  the  ferrite  effect  should  be  proportional  to  the  concentration. 

A  0.8  Mo  -  0.4  C  steel  (0.36  C,  0.17  Mn,  0,82  Mo)  is  compared  with  a  0.2  Mo 
-  0.40  C  steel  (0.42  C,  0.20  Mn,  0.21  Mo),®9  The  time  for  start  of  ferrite 
formation  100*1  uelow  Ae~  for  the  0.2  Mo.  steel  is  5  seconds,  and  for  the 
0.8  Mo  steel  is  20  seconds.  Thus,  the  effect  of  molybdenum  on  suppression 
of  ferrite  formation  is  proportional  to  the  concentration.  This  strong  ef¬ 
fect  of  molybdenum  on  ferrite  formation  may  be  the  fundamental  reason  why 
it  partitions  to  the  carbide  phase  in  pearlite  formation.  Its  potent  effect 
on  both  ferrite  and  pearlite  formation  makes  it  an  outstanding  alloying  ele¬ 
ment  for  the  upper  part  of  the  transformation  temperature  range. 

The  kinetics  of  the  formation  of  upper  bainite  warrants  some  discus¬ 
sion.  It  will  be  recalled  from  Figure  19  that  a  highly  distorted  sigmoid 
curve  is  obtained  to  describe  the  isothermal  reaction  in  this  range.  This 
is  a  different  form  of  curve  from  that  for  ferrite  and  martensite.  It  will 
be  recalled  that  the  rate  of  formation  of  pro-eutectoid  ferrite  apparently 
is  not  controlled  by  the  rate  of  diffusion  of  carbon  in  austenite.  However, 
this  diffusivity  is  decreasing  rapidly  as  the  reaction  temperature  is  lowered 
and  one  would  expect  that  at  some  temperature  range  the  diffusion  of  carbon 
will  influence  th9  reaction  kinetics.  This  apparently  happens  in  the  upper 
bainite  curve  and  the  reaction  curve  can  be  interpreted  as  the  summation  of 
two  factors,  (a)  rate  of  diffusion  of  carbon  in  austenite,  and  (b)  rate  of 
nucleation  of  shear. 

From  the  previous  arguments,  the  diminishing  effectiveness  of  boron 
with  increasing  carbon  content  can  be  rationalized.  The  argument  mainly  stems 
from  the  fact  that  boron  acts  only  in  suppressing  ferrite  formation  and  as 
the  carbon  content  apnroach.es  eutectoid  composition,  the  amount  of  ferrite 
that  forms  decreases.  The  concept  of  boron  acting  to  retard  ferrite  forma¬ 
tion  is  substantiated  by  the  general  observation  that  boron  steels  charac¬ 
teristically  show  less  ferrite  in  the  structure.  The  probability  of 
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nucleating  pearlite  increases  as  the  carbe a  content  lnoreases.  At  low 
carbon  oontents,  considerably  more  ferrite  antt  be  fonwd  before  oeaentite 
ie  nucleated.  Ac  the  carbon  content  approaches  eutectoid,  very  little 
enrichaent  of  austenite  by  ferrite  fexaation  ie  required  before  oeaentite 
ie  nucleated.  According  to  these  arguaeats,  the  boron  effect  should  be- 
coae  sero  at  the  ecteotoid  ooaposition.  Also,  boron  should  be  expected  to 
hare  no  effect  on  the  start  tiae  of  decomposition  to  pearlite  in  the  hy- 
pereutectoid  steels,  finally,  boron  should  not  be  expected  to  affect  the 
rate  of  pearlite  foraation  because  even  if  it  partitions  to  the  omentite, 
its  diffusivity  is  coaparable  to  that  of  earboa.  A  possible  secondary 
effect  nay  be  a  reduction  of  solubility  of  boron  in  gaaan  iron  with  increas¬ 
ing  carbon  contc-rt . 

The  proposed  boron  aechaaisa  has  interesting  engineering  renlfloa- 
tlons.  The  effect  is  principally  a  delhjr  in  the  start  of  transformation. 
Boron  then  should  be  an  effective  alloy  substitute  iu  engineering  parte 
of  such  geometry  that  all  pointa  in  it  oool  at  rataa  in  excees  of  the 
critical  cooling  rata.  However,  in  slack  (aanchad  ports ,  the  hardness 
will  fall  off  more  rapidly  in  the  interior  of  the  part  and  in  this  case 
boron  is  expected  to  be  inferior  to  the  substitutional  aoluto  atoms  such 
as  manganese,  chroniua,  and  molybdenum  which  also  affect  the  pearlite  re¬ 
action.  Also,  boron  would  be  expected  to  bo  ineffective  in  carburised 
cases  with  carbon  contents  in  excess  of  the  sutectoid  ooaposition. 


g.  STRAIT  BB8ST  PTECTS  IH  INTERSTITIAL  SOLID  SOLPTIOHS 

Since  the  effect  of  boron  in  suppressing  the  shear  transformation 
of  gamma  to  alpha  iron  depends  upon  the  exceptionally  high  strain  energy 
peaks  aasooiated  with  the  boron  atoae  in  solid  solution,  sone  calculations 
will  be  made  on  strain  energy  affects  of  carbon,  nitrogen,  and  boron  dis¬ 
solved  interstltially  in  gaama  iron. 

The  first  problem  that  arises  is  that  of  obtaining  the  effective 
diameters  of  these  atoms  in  gamma  iron.  These  effective  diameters  depend 
upon  the  environment  in  which  they  are  placed.  The  best  approach  seemed 
to  be  to  calculate  the  effective  diameters  from  the  measured  expansion  of 
the  gamma  lattice.  The  interstitial  spaces  in  the  face  centered  lattice 
are  at  the  middle  of  the  edges  and  at  the  center  of  the  lattice.  These 
positions  are  all  equivalent  and  are  of  the  size  0.293  ®0.  where  aQ  is 
the  lattice  parameter.  The  increase  in  aQ  of  gaama  iron  with  carbon  is 
given  as 

A  a0  s  o.oo zr  x  (%  c * /o)  ;n  fa  units  ( 10) 

Tor  0.01^6  carbon,  the  ratio  of  iron  to  carbon  atoms  is  2149!  1.  The  number 
of  unit  cells  per  carbon  atom  is  537.  The  size  of  the  interstitial  hole 
in  gamma  iron  is  I.0665  Kx  units.  Of  the  three  possible  edges,  on  the 
average,  one'  out  of  three  carbon  atoms  go  into  ons  particular  edge,  expand¬ 
ing  the  lattice  in  this  direction.  Each  carton  atom  is  shared  by  four  unit 
cells..  If  ▼  it  the  effective  diameter  of  carbon,  then 

—  /.  0&&6  A 

— —  *  ^77-  =  °-OOOZ7  ,  (ll> 

y  —  /./76  Kx  unite 


VADC  TR  52-140 


-  36  - 

Tne  effective  diameter  calculated  for  nitrogen  in  tills  manner  is  1.1955 
Kx  units.  Tne  listed  diameter  for  carbon  and  nitrogen  are  the  following: 


Siato 

Carbon 

State 

Kitro^en 

Covalent 

1.5* 

Covalent 

1.40 

Iooized  (+4) 

0..58 

Ionized  (+5) 

0.50 

Thus  from  these  crude 
about  3?^  ionized  and 

calculations, 
nitrogen  about 

one  would  calculate  that 
22$  ionized. 

carbon  is 

There  is  a  more  exact  method  of  calculating  the  effective  diam¬ 
eters.  The  relation  between  the  lattice  parameter,  the  per  cent  intersti¬ 
tial  solute  atom,  and  the  aiameter  of  the  solute  atom  can  be  formulated 
from  the  elastic  theory  of  isotropic  solids.  In  .hiu  treatment,  the  ex¬ 
pansion  of  the  interstitial  hole  by  the  larger  solute  atom  is  directly 
related  to  the  experimentally  determined  ratio  of  the  change  in  lattice 
parameter  to  the  change  of  concentration  of  the  interstitial  atom.  This 
relationship  has  been  previously  derived  by  SpeiBer,  Spretnak,  and  Taylor  .^9 

The  relationship  derived  by  this  treatment  for  diameters  of  inter- 
etitial  atoms  is  for  the  case  of  face  centered  cubic  lattices  the  follow¬ 
ing: 

A  V 


_  34a  Aa 

(%r)  •  2  fz  U2) 

where 

AR  ifl  the  increase  in  the  radius  of  the  interstitial  hole 
as  a  result  of  Inserting  the  solute  atom 

aQ  is  the  observed  expansion  of  the  interstitial  alloy 

a  is  the  lattice  parameter  of  the  alloy 

L  is  the  number  of  solvent  atoms  per  unit  cell 

f 2  is  the  ratio  of  solute  to  solvent  atone  in  the  crystal. 

The  effective  diameter  of  the  interstitial  atom  in  solid  solution 
in  face  centered  lattices  is 

a/  -  fa*  -  ^f&o)  +  2AR 

=  0.293  4o  +  ZAR  (13) 

Tor  carbon  in  gamma  iron,  the  effective  diameter  is  1.32  X  and  for  nitrogen 
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1.42  X.  Thu3  by  these  uui'a  eiAot  calculations  carton  In  gumw/x  iron  is 
about  23#  ionized  and  nitrogen  is  either  neutral  or  slightly  negatively 
ionized  .  It  is  to  be  noted  tnat  carbon  requires  a  smaller  hole  than  does 
nitrogen.  This  is  in  agreement  with  the  observations  of  Jacic^O  who  found 
taat  nitrogen  in  interstitial  solid  solution  lias  a  radius  of  0.7  X.  He 
also  observed  that  the  lattice  parameter  of  the  compound  FeC£  increased  as 
carbon  was  replaced  by  nitrof  en.^^ 

Ho  parameter  data  were  available  for  boron  in  gamma  iron  to  calcu¬ 
late  its  effective  diameter.  However,  it  can.  be  inferred  that  the  boron 
atomic  diameter  in  gamma  iron  is  in  the  range  1.80  -  1.90  X.  This  follows 
from  a  study  of  the  behavior  of  boron  in  its  compounds.  It  is  well  known 
that  boron  has  more  stable  orbitals  than  valence  electrons,  i.e,  it  tends 
to  increase  the  electron  density  in  its  vicinity.  Boron  then  would  tend  to 
be  neutral  or  slightly  relative  in  combination  with  elements  such  as  iron. 
This  is  further  substantiated  from  the  fact  that  although  many  interstitial 
compounds  such  as  W,  FeO,  TaC,  TiC,  T1H,  TiO,  UH,  VO,  have  a  sodium  chlor¬ 
ide  structure  (which  implies  a  covalent  bond) ,  FeB  on  the  other  hand  is  a 
distorted  Nils  structure  (orthorhombic)  which  is  characteristic  of  inter¬ 
stitial  compounds  formed  with  a  transition  element  and  a  rather  electro¬ 
negative  element.  Furthermore,  boron  has  a  very  strong  tendency  to  form 
chains  (FeB)  and  sheets  (TiB£,  ZrBo ,  CbBp,  TaB2»  and  VB2) ,  and  cage-like 
structures  in  compounds  such  as  Cen£  and  LaB^.  Consequently,  it  is  reason¬ 
able  to  expect  that  boron  is  un-ionised  or  slightly  negatively  ionised  in 
iron.  Thus  a  diameter  of  1.85  X  for  boron  in  interstitial  solid  solution 
is  reasonable.  From  the  above  arguments,  the  solubility  of  boron  is  de¬ 
pendent  essentially  on  its  size  since  its  electronegativity  is  2.0  compared 
to  2.1  for  iron,  whereas  the  electronegativity  for  carbon  and  nitrogen  is 
2.5  and  3.0  respectively.  Thus  the  difference  in  solubility  of  carbon  and 
nitrogen  is  undoubtedly  due  in  part  to  their  electronegativities.  This  is 
borne  out  by  the  relatively  large  change  in  solubility  of  carbon  and  nitro¬ 
gen  in  gamma  iron  with  temperature  compared  to  the  relatively  low  change 
for  boron. 


The  strain  energy  introduced  by  an  interstitial  solute  can  be  cal¬ 
culated  by  the  well  known  equation  of  Mott  and  labarro 

AS  =  a-rrr.(r-r0)z6N  (14) 


This  equation  arises  from  the  assumption  that  the  solid  solution  is  an 
elastic  aedium  In  which  the  interstitial  positions  are  holes  of  radius  r0. 
Then  the  strain  energy  is  the  work  necessary  to  force  M  spheres  of  radius 
r  into  H  holes.  0  is  the  modulus  of  rigidity.  The  strain  energy  per  atom 
then  ie 


^5  =  87Tr0  Cr-r0)*£ 


(15) 


For  the  calculations,  a  value  of  0  for  gamma  iron  was  estimated  from  data 
in  the  Metals  Handbook  (ASM)  for  alpha  iron.  The  data  are  as  follows! 


$/t 


x/o 


/j 


<//-<;  7.S7 


S,i  *1°'*  S44  *  /0''* 
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£s  ifc  calculate-.  lion  the  expr-seion 

>r  *■  •<V‘*  r  4  (sS/t  ~  5 t  %  --  ■£>  *5 4+ )  (i6) 

The,  leul  .t e-l  value  ci  0  ie  ;.02  i  10 ~1  dynes /cm2.  This  value  must  he 
rt.r  .c-,d  about  ,04  la  tiw  "<uama  range,  as  indicated  by  experimental  work 
l  1?  mcc.ulue  tf  elusti  .ity  for  iron  as  a  function  of  temperature.  Hence 
an  approximate  \nluc  oi  Q  is  taken  ae  1.8  x  101  dynos/cm^. 


Tne  strain  energies  calculated  per  atom  in  gamma  iron  are  the 


followings 


-ilsasit 


Strain  Inergy 
;er  Xyja  la  trg t 


Lk2. 


C  0.75  x  10_i3  1 

H  1.48  x  10-13  2 

B  7.36  x  10_13  10 

Since  these  values  are  strain  energy  per  atom,  the  values  can  he  inter¬ 
preted  as  the  heights  of  the  strain  energy  peaks  at  the  location  of  the 
interstitial  atoms.  Thus,  the  strain  energy  peak  is  much  higher  for  the 
boron  atom  than  for  carbon  and  nitrogen.  It  is  also  of  interest  to  note 
that  the  peak  for  nitrogen  1b  about  twice  that  for  carbon,  in  keeping 
with  previously  presented  evidence  that  nitrogen  is  more  effective  in 
suppressing  ferrite  as  compared  to  carbon. 


It  appears  logical  to  presume  that  the  effectiveness  of  an  inter¬ 
stitial  atom  In  suppressing  a  shear  transformation  should  also  depend  upon 
the  number  of  unit  cells  affected  by  the  atom.  The  magnitude  of  the  strain 
energy  as  a  function  of  the  distance  from  the  solute  atom  is  calculated  by 
the  following  method. 


The  strain  energy  is  given  by  the  expression 

(  A  X)2 (5  (17) 


From  elastic  theory,  it  follows  that  the  expansion  of  a  sphere  of 
radius  r  is  given  by 

M  a  — j-£~  (18) 

where 

A  is  a  constant 

AhA  la  the  expansion,  of  the  interstitial  hole. 


Then 


c/(AK)  = 


-  tAMn  Jr 

r 3 
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Integrating 


tXi 


AH-AHM  “  - £AMa J  r~3dt 
AH  ~  ? ' ’/>  .*•  A/ifiA  j-^e  -  %tj 

jf  /  ’  ~  <?c<  $/\*0 

0 =  ^  [/*- a  (-&*)] 


(19) 


«  /* 


(20) 


Therefor#, 


A/?  --  AKa  + 


=  Afi»[l  +  %-'J 

-  ^  Ra  fi?  (21) 

It  ii  convenient  to  express  the  distance  r  in  terns  of  unit,  cells. 
Let  r0  -  &/t 

then  r  *  ^*/&  X 

where  x  is  the  nuaber  of  unit  cells 

AH- 

y* 


(22) 


Substituting  in  Equation 


AS  =  8irr0  6 


AKa* 


=  47?<Zn  G 


(23) 


Thus,  it  ia  evident  that  the  strain  energy  falls  off  as  the  fourth 
power  of  the  distance  expressed  in  unit  cells. 

The  data  used  for  calculating  the  strain  energy  peaks  are  the  fol¬ 
lowing: 
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0.25  0.0625 
0.55  0.1225 
0  7o  0 . 6084 


If  the  tra .  eneiaj  peak  ass related  with  the  carbon  atom  is  as¬ 
signed  tha  •’al.ii  of  1.0,  the  poak  for  aitrcg^n  is  1.96  and  for  boron  it  is 
9.73  Inc  pe.ikr  asocc.ta  el  with  the  .solute  atoms  and  the  manner  in  which 
thi  tiai_  euez/gr  fal-s  a»  a  function  of  distance  from  the  solute  atom  is 
illustrated  In  Figure  25.  Xn  order  to  illustrate  more  clearly  the  manner 
in  wnich  the  strain  energy  falls  off  with  distance,  calculations  v<‘re  » sur 
on  the  number  of  unit  calls  which  have  1%  or  more  of  the  peak  etr  ,i~  c..**gy 
associated  with  the  carbon  atom.  Tor  a  carbon  atom  133  unit  ' *  are  so 
affected,  198  unit  cells  of  a  nitrogen  atom,  and  ?30  unit  cel 1 e  by  a  boron 
atom.  It  would  appear  tx*v.  the  effectiveness  of  :  1  atom  in 

suppressing  shear  transformations  is  some  sort  of  product  of  wne  Etreir. 
energy  peak  and  the  volume  distorted.  The  nature  of  this  effectiveness 
factor  is  not  known  at  present,  but  if  one  assumes  a  straight  product  of 
these  two  factors,  the  effectiveness  ratio  of  C:H:B  would  be  of  the  order 
1:3:50. 


o.  sources  or  shbae  or  mAHsmouTioES 

An  allotropic  transformation  in  a  metal  is  possible  only  when  the 
free  energy  of  one  modification  is  lower  than  that  of  the  other  modification. 
The  stable  phase  is  one  with  the  lower  free  energy.  This  condition  is  a 
thermodynamic  requirement,  but  the  transformation  is  possible  only  if  suf¬ 
ficient  energy  is  available  to  surmount  any  potential  barrier  <hic&  hinders 
the  transformation.  In  pore  metals,  this  activation  energy  is  vary  low  and 
the  transformation  will  proceed  without  difficulty. 

The  fundamental  difference  between  diffusion  and  a  phase  trans¬ 
formation  is  that  in  the  former  process  the  atoms  change  their  positions 
at  random  and  independently  (as  a  first  approximation) ,  whereas  in  the 
latter  process  the  movement  of  the  atoms  is  coordinated  over  quite  large 
distances.  Another  viewpoint  ie  that  in  a  diffusion  process  the  system 
goes  from  a  higher  state  to  a  lower  state  of  energy  by  a  disordering  pro¬ 
cess,  whereas  in  a  crystal  transformation,  the  system  goes  from  a  higher 
state  to  a  lower  state  by  a  cooperative  process.  Since  the  energy  necessary 
for  a  crystal  transformation  can  arise  only  from  thermal  energy  and  since 
it  is  evident  that  this  is  a  cooperative  prooess,  this  means  that  the  me¬ 
chanism  by  which  a  crystal  transforms  from  one  modification  to  another 
must  be  through  one  or  more  of  the  normal  modes  of  vibration  of  the  crystal 
which  lead  (with  only  slight  adjustments  of  the  positions  of  the  atoms)  to 
the  new  crystal  modification.  As  a  general  principle,  one  can  stats  that 
ft.  BRQ.1J4.U0R  *44  ggytt*  aag*M  WBH  gl*s«  kfrfn  a  qrytfB  pasqgs  fyog  a 

disordered  state  to  a  more  highly  ordered  stats  (such  as  the  transformation 

from  lltuid  state  to  thq  s^ia  «t*t«  precipitate  <rf  »  gypgpnd  from  solid 

s9tatloa)^  ,Sp  tiaafl.  thwr  irgatf oaatlw. 

matlons)  involve  cooperative  movement  from  one  ordered  state  to  another 
gfflSfed  statq. 
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It  can  138  demon.,  ti-ated.  that  those  normal  modes  of  Titration  of 
a  crystal  are  in  ihel.  -vaiall  consa^aence  combinations  of  shearing  move- 
ioiiU  which  lo»l  tj  the  function  of  a  now  crystalline  fora.  Ths  length 
of  the  individual  ahc^a.-ing  path  Till  depend  upon  the  degree  of  undercool¬ 
ing,  tsmpezatur*,  and  the  perfection  of  the  crystal.  Increasing  the 
undercooling  leads  to  a  larger  difference  in  free  energy  between  the 
aeta&table  and  stable  states,  This  free  energy  difference  tends  to  lower 
the  free  energy  barrier  for  traaef ornation .  However,  sc lute  atoms  may 
c^-UBe  deformation*  of  the  lattice  such  that  the  barrier  is  sufficiently 
high  to  that  the  transformation  cannot  proceed.  It  should  be  remembered 
also  that  lowering  the  temperature  reduces  the  thermal  energy,  making  the 
transformation  more  difficult.  It  would  be  expected  that  if  the  under¬ 
cooling  is  large,  a  large  numbsr  of  atone  can  participate  in  the  coopera¬ 
tive  motion  and  the  shearing  path  ehould  be  longer.  The  effect  of  raising 
the  reaction  tempox-tuio  la  to  reduce  the  length  of  the  shear  path  be¬ 
cause  the  increased  amplitudes  of  vibrations  of  the  atoms  around  their 
equilibrium  positions  lead  to  scattering  of  the  standing  normal  modes  of 
vibration  so  that  the  amplitude  of  these  modes  are  modulated  in  such  a  say 
that  their  effective  shearing  path  is  considerably  reduced.  Sspecially 
effective  in  reducing  the  length  of  shearing  paths  and  indeed  preventing 
the  transformation  entirely  is  the  presence  of  interstitial  solute  atoms 
which  give  rise  to  local  potential  energy  barriers.  The  extent  of  the 
influence  of  these  atoms  depends  upon  the  difference  between  the  size  of 
the  atom  and  the  size  of  the  interstitial  hole.  These  local  distortions 
also  act  as  scattering  centers  of  the  thermal  waves  and  act  effectively 
in  suppressing  the  cooperative  movement  of  solvent  atoms  over  any  signifi¬ 
cant  range. 

Thus  from  the  above  arguments,  it  is  clear  why  pro-eutectoid  fer¬ 
rite  formed  in  steels  at  higher  transformation  temperatures  can  assume 
various  morphologies.  It  is  planned  to  present  a  formalized  analysis  of 
various  aspects  of  shear  transformations  in  a  future  report. 


P.  SUHHAKT 

(1)  The  chemistry  of  boron  and  the  metallurgy  of  boron  in  iron 
and  steel  is  thoroughly  reviewed. 

(2)  On  the  basis  of  critical  evaluation  of  the  existing  informa¬ 
tion  on  the  boron  hardenability  effect,  a  working  hypothesis  for  the 
mechanism  of  the  boron  has  been  evolved.  The  essential  features  of  the 
hypothesis  are  the  following: 

(a)  The  affect  of  boron  in  steels  is  the  retardation  of  the 
formation  of  pro-eutectoid  ferrite  and  upper  bainite.  Boron  does  not 
retard  the  formation  of  pearlite. 

(b)  Adsorption  effects  of  boron  at  austenite  grain  boundaries 
is  very  likely  an  important  factor  in  the  hardenability  effect. 
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(o)  Important  chemical  interaction*  between  carbon  and  boron 
in  austenite  are  unlikely. 

(d)  It  is  concluded  that  pro-euteotoid  ferrite  forms  from 
austenite  by  a  shear  mechanism. 

(e)  The  boron  hardanability  effect  is  a  solid  solution  ef¬ 
fect.  The  high  strain  energy  peaks  in  austenite  associated  vith  tha 
boron  atone  are  effective  in  retarding  the  shear  formation  of  ferrite. 

(f)  fundamentally,  carbon,  nitrogen,  and  boron  affect  hard- 
enability  by  the  same  mechanism,  but  boron  is  considerably  more  effect¬ 
ive  than  carbon  and  nitrogen. 

(g)  The  strain  energy  peaks  associated  vith  carbon,  nitrogen, 
and  boron  atoms  were  calculated  and  were  found  to  be  in  the  ratio  1:2:10. 

.(h)  A  shear  transformation  occurs  by  a  cooperative  movement 
of  several  atoms  whereas  in  diffusion  the  atoms  change  their  positions 
at  random  and  independently. 

(i)  The  source  of  shear  in  allotropic  transformations  are 
shearing  movements  associated  with  ths  normal  modes  of  thermal  vibrations 
of  the  crystal.  The  higher  the  temperature  of,  transformation,  the  short¬ 
er  the  individual  shearing  path. 

(j)  As  a  general  principle,  a  nucleation  and  growth  process 
takes  place  when  the  system  passes  from  a  disordered  state  to  a  more 
highly  ordered  state;  shear  transformation  involves  cooperative  movement 
from  one  ordered  state  to  another  ordered  state. 
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